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Distillation is a widespread but energy intensive method to separate chemical 
mixtures. Alternatives to distillation include membrane and adsorption based separations. 
Zeolites are used in such capacity because they are chemically stable and have pore sizes 
in the range of many common molecules. However, their use as membranes for high 
volume chemical feedstock remains elusive due in part to their low flux and high cost.  
Though zeolites are generally formed as 3D crystals, new synthesis techniques have 
given access to 2D zeolite nanosheets with small diffusion path lengths and accelerated 
molecular diffusion.  Since most previous research has focused on bulk zeolite crystals, 
there is little understanding of the surface adsorption and diffusion mechanisms likely 
involved at such length scales and their contributions to the permeability and selectivity of 
different species. 
 To enable the systematic examination of such surface properties, we constructed a 
database of more than 800,000 computation-ready 2D zeolite nanosheets from the full 
range of known zeolite structures in the IZA database of zeolite structure types. We then 
used molecular dynamics to quantify the effect of surface resistance of H2, CH4, CO2, 
ethene, ethane, propene, and propane in a variety of nanosheets and at different temperature 
and pressure conditions. We found that in almost all instances, surface resistance is 






CHAPTER 1. INTRODUCTION 
1.1 2D Zeolite Nanosheets: Diffusion at the Nanoscale 
Separation of multi-component mixtures in the chemical industry is an energy 
intensive process. A common form of separation is distillation, which uses phase 
transitions to obtain the species in difference phases. Distillation accounts for 
approximately 10-15% of global energy use.1 Membrane separations can be as much as 
90% more energy efficient than distillation since they use molecular properties such as size 
and kinetic behavior to perform the separation.1 If applied to the United States alone, 
membrane separations could save 4 billion dollars and 100 million tons of CO2 annually.
1  
Promising materials in membrane research include Metal Organic Frameworks (MOFs), 
Carbon Molecular Sieves (CMS), and zeolites.  Difficulties in transitioning from bench-
scale to industrial scale processes include scale-up of expensive steps and materials 
degradation. 
Zeolitic membranes are interesting because they are relatively stable and have pore 
diameters around the size of common industrial chemicals. However, due to high cost and 
low flux, their only industrial kinetically driven separation application is the dehydration 
of bioethanol.2, 3  In a 2D nanosheet, diffusion through the sheet can happen rapidly due to 
a short path length normal to the lamellar surface of the crystal.4 Therefore, the production 
of shorter nanosheets for separation has become a research target.5 In catalysis 
experiments, 2D nanosheets have reduced coking by hastening the diffusion of byproducts 




Zeolites have traditionally been synthesized and conceived of as 3D crystals. 
However, that changed when it was discovered that MWW was found to form via two 
different paths, direct solvothermal synthesis and via 2D zeolite layer precursors (ZLP).7  
Since then, 12 other zeolite materials were discovered to have 2D forms.7  So far, 3 
synthetic routes for producing 2D zeolites are known: direct solvothermal synthesis, 
surfactant-templated synthesis, and 3D to 2D transformations.7  In direct synthesis, a 2D 
layer is formed before the final reaction into a 3D crystal. In surfactant-templated synthesis, 
a polymer chain is added onto structure directing agent (SDA).4  The polymer chain acts 
as a spacer that retards agglomeration normal to the plane of the zeolite.4  In 3D to 2D 
transformations, a 3D crystal is treated with an acid solution untill the weakest T-O bonds 
hydrolyze.8 Germanium is generally included at Si/Ge ratios of 4.3-6 because it produces 
strained bonds that facilitate structure disassembly.8 
A main objective of 2D zeolite research has been the production of better catalysts. 
2D nanosheets have an abundance of surface acid sites and increased mass transfer relative 
to the bulk crystal.7 The disadvantage is an inability to carry out size-selective catalysis 
since screening at the pores plays a limited role.7  A common post-synthesis step is pillaring 
of the 2D zeolite to form a hierarchical structure. Pillaring takes place when silica species 
present between layers separated by surfactant covalently bond to the top and bottom layers 
forming columns.7 This creates mesoporous, stable structures that allow bulky molecules 
to access surface acid sites.9 Adsorption of 2, 4-dimethylquinolinium on an MWW pillared 
structure showed that most of the protonic sites are accessible to bulky molecules in the 




For separations research, 2D zeolitic nanosheets alone cannot form a membrane 
since they would disintegrate under pressure.3 Therefore, the zeolite portion of the 
membrane is typically grown on a porous support.3 Since zeolite nucleation and growth in-
situ is difficult to control, the zeolite media is formed via seeding and secondary growth. 
Zeolite nanosheets are first formed separately, then brought onto the support via dip or spin 
coating.3 Hydrothermal secondary growth is necessary to close the gaps that exist after 
deposition since nanosheets do not have the necessary aspect ratio to guarantee good 
overlap. Traditionally hydrothermal growth has used a silica gel, but a gel-free method has 
recently been introduced to avoid the cost of gel; the support acts as a the silica source.3   
Several separations of industrial importance include alkane/alkene and CO2/H2 
separations. More than 200 million tonnes of ethene and propene are produced annually 
for the global plastics sector.1  Cryogenic distillation, an energy intensive high pressure, 
low temperature phase-change separation is used to obtain the industrially required alkene 
purity, exceeding 99.9%. However, the distillation of propene and ethene alone uses about 
0.3% of the world’s annual energy production.1  
The difficulty of alkane/alkene separation lies in their similarity. Membranes 
separate mixtures based on their adsorption properties, kinetic properties, or a combination 
of both. In selective adsorption, one molecule adsorbs onto the membrane at a much higher 
rate than another. In kinetic separation, one molecule diffuses through the membrane at a 
faster rate. However, both the kinetics and adsorption properties of alkanes and alkenes are 
similar, so their separation is challenging. Some membranes used to separate alkanes and 




A question of interest is whether the surface of a zeolite can alter the kinetics and 
thermodynamics in favor of one molecule or another without the cost of silver. 
H2/CO2 separation in the water gas shift reaction is responsible for 95% of 
American H2 production, and the separation has recently become a syngas research 
objective since it can produce H2 and capture CO2 in one step.
12, 13  Syngas typically 
contains H2, CO2, CO, H2O, and potentially traces of H2S, so zeolites are particularly suited 
for the separation given their sulfur tolerance and hydrothermal stability.14  The objective 
of work on this separation is developing membranes with high flux while maintaining the 
necessary selectivity.14 One high performing membrane for H2/CO2 separation was made 
by depositing methyldiethoxysilane on the inner surface of MFI pores.3, 14  This step 
avoided single file diffusion that could have stifled the separation, but the Chemical Vapor 
Separation (CVD) process used is expensive.3 Significant cost reduction could be obtained 
using a zeolite layer with inherently selective pores.  
Due to the aforementioned increased flux and possible decreased cost of zeolite 
nanosheets.3, 4 their use as membranes could unlock opportunities unavailable to 3D 
crystals. However, zeolite nanosheet diffusion and selective separation properties have not 
been extensively studied. Of particular interest is the effect of the surface/adsorbate 
interactions, which is neglected in 3D crystals but may be significant in zeolite 
nanosheets.15 Therefore, studying the relative contributions of the pores and surface to 
diffusion through a wide variety of zeolite nanosheets is an important task that could enable 
progression of the field. In this thesis, we describe the development of a database of 800,00 




dynamics to compare nanosheet and bulk diffusivities and show that, unlike in 3D crystals, 
surfaces dominate diffusion in nanosheets. 
1.2 Computational Methods 
1.2.1 Database Generation 
 The second chapter of this thesis deals with the generation of a database of 
atomically accurate 2D nanosheet structures. The slabs span a wide variety of 
experimentally relevant Miller indices and have surfaces that are thermodynamically 
favorable.16 To derive a slab structure from a 3D zeolite, an algorithm must decide on 
termination points for a possible surface. An example of a simple surface formed by a plane 
is shown in Figure 1.1. The central challenge is that there are a near-infinite number of 
possible surface terminations, so one must decide on the properties of the surfaces most 






 Surfaces with the least number of broken bonds are typically expected to be the 
most thermodynamically favorable.17  We adopted a heuristic approach where our 
algorithm generated many surfaces and selected those with the least number of broken 
Figure 1.1. (a) A bulk MFI unit cell. (b) A surface formed by removing 




bonds. This approach defines a plane parallel to the surface then removed all Si atom above 
the plane. After plane removal, the algorithm carried out nine targeted removal cycles. In 
a targeted removal cycle, we first determined the coordination number of each Si, that is, 
how many Si are connected (through a bridging O) to the Si in question, and removed Si 
with a coordination number of 2 or less. Since the removal of a Si decreased the 
coordination number of a neighboring Si, there was a need for multiple cycles. 
 The algorithm was written using python and various plugin modules. The Atomic 
Simulation Environment18 was used to read in crystallographic format files, and 
Pymatgen19 was used to generate lattice reoriented unit cells to expose certain Miller 
indices. The Si counting required by the targeted removal cycles was computationally 
taxing, so Numpy20 matrices were used since they were made for large scale arithmetic 
operations. 
1.2.2 Molecular Dynamics 
 Molecular dynamics (MD) solves Newton’s Equations of motion for a system to 
obtain macroscopic properties from microscopic interactions.21 Such macroscopic 
properties include temperature, pressure, and free energy.  The key to accurate results are 
properly defined force fields, or energy functions which are parametrized to calculate 
accurate molecular movement.21  
 MD is comprised of two basic steps: summing the forces on an atom based on its 
interaction with neighboring atoms, and moving the atom based on the net force acting on 
it. A Lennard-Jones potential is a standard method of defining interatomic energies 














]                                         (1.1) 
where 𝜀𝑖𝑗 describes the energy of the interaction, 𝜎𝑖𝑗 is the distance at which attractive and 
repulsive forces are equal, 𝑟 is the distance between both atoms, and the 𝑖 and 𝑗 subscripts 
denote the types of atoms involved in the interaction. The derivative of equation 1.1 gives 
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2                                              (1.4) 
𝑣𝑖+1 = 𝑣𝑖 +
1
2
(𝑎𝑖+𝑎𝑖+1)∆𝑡                                              (1.5) 
where 𝑎𝑖 is the atom’s acceleration, 𝑥𝑖 is the atom’s position, 𝑚 is the mass of the atom, 𝑣𝑖 
is the velocity, and ∆𝑡 is the time step (usually 1 fs), and the subscript 𝑖 denotes the ith step. 
In addition to the Van der Waals interactions, electrostatic energies are commonly 








where 𝐶 is a universal constant, 𝑞 is the charge on an atom, and 𝜖 is the dielectric constant. 
Due to the need to calculate forces between each atom and all of its neighboring atoms, the 
computational requirement to run an MD simulation, at least in the simplest 
implementations of this method, scales roughly with the square of the number of atoms in 
the unit cell. Therefore, unit cells must be large enough to accurately reflect the energetic 
environment and small enough to complete the simulation in a timely manner. 
 MD simulations in microporous materials can be either rigid or flexible. In a rigid 
simulation, only the adsorbates move. In a flexible simulation, both the adsorbates and the 
framework’s atoms move. In the latter case the framework-framework interatomic 
interactions are calculated by Lennard-Jones potentials in addition to other terms, such as 
bond and angle terms meant to preserve average bond and angle geometries. For example:22 
𝐸𝑏𝑜𝑛𝑑 = 𝐴1(𝑟 − 𝑟0)
2 + 𝐴2(𝑟 − 𝑟0)
3 + 𝐴3(𝑟 − 𝑟0)
4                          (1.7) 
𝐸𝑎𝑛𝑔𝑙𝑒 = 𝐵1(𝜃 − 𝜃0)
2 + 𝐵2(𝜃 − 𝜃0)
3 + 𝐵3(𝜃 − 𝜃0)
4                         (1.8) 
where 𝐸𝑏𝑜𝑛𝑑 is the bond energy, 𝑟 is the distance between the bonded atoms, 𝑟0 is the 
equilibrium bond distance between two atoms of a certain type, 𝐴𝑛 are bond energy 
constants that weight each term, 𝐸𝑎𝑛𝑔𝑙𝑒 is the angle energy, 𝜃 is the angle between three 
atoms, 𝜃0 is the equilibrium angle between three atoms of a certain type, and 𝐵𝑛 are angle 
energy constants. Some force fields use more complex bond and angle terms as well as 
four atom terms such as dihedrals and impropers for a more accurate description of 




experimental data. The development of force fields is a non-trivial task,24-26 and care must 
be taken to select the right force field for the system under consideration. 
 Most force fields are non-reactive, meaning they cannot describe bond breaking 
and bond forming events. If a bond or angle deviates too far from its equilibrium value, the 
force applied attempts to return the system to near equilibrium geometry. To remedy this 
drawback, reactive force fields such as the ReaxFF force field have been developed to 
study the kinetics and thermodynamics of bond breaking and forming events.27 Its bond, 
angle, and other terms are more complex than those seen in non-reactive force fields and 
enable atoms to change their chemical environment by breaking bonds, forming bonds, and 
transitioning seamlessly between different phases of matter.27 In addition, ReaxFF employs 
an algorithm, Qeq, to calculate new charges on an atoms as they change their electrostatic 
surroundings.27, 28 
 Another important choice when performing MD simulations is whether to use 
equilibrium molecular dynamics (EMD) or non-equilibrium molecular dynamics (NEMD). 
In EMD, the adsorbates are only acted upon by other adsorbate or framework atoms. In 
NEMD, another factor is introduced to drive flux in a certain direction. For example, an 
NEMD setup could apply a chemical potential in one direction to simulate the effect of a 
pressure gradient.29 Other NEMD simulations divide the unit cell into boxes, then add 
atoms to some boxes and remove them from others to create a net flow between the 
controlled boxes.15  Both NEMD and EMD simulations have their advantages, although 




 After analyzing previous studies, we chose to use flexible frameworks and EMD 
for our slab and bulk diffusion simulations.15, 30, 31 Newsome and Sholl found that rigid 
frameworks gave inaccurate diffusivity results in slabs because they underestimated the 
adsorption rate.15 They found that adsorption attempts failed because the structure could 
not absorb and dissipate the incoming kinetic energy, so molecules rebounded into the 
vacuum phase more often than would be expected given a more realistic surface.15 In 
addition, Newsome and Sholl and Liu et al. compared EMD and NEMD simulations for 
measuring flux through nanoporous materials. They found that EMD gave close results to 
NEMD while demanding less computational resources.30, 31 
1.2.3 Grand Canonical Monte Carlo 
 The loading, or amount of adsorbates per unit cell, has a great effect on the 
diffusivity in confined geometries. Generally, low loadings entail little adsorbate-adsorbate 
interaction and therefore higher self-diffusivities. At high loadings, adsorbates block each 
other’s movement resulting in low self-diffusivities. In our simulations, we examine both 
high and low loadings. However, we need a method to initialize our simulation with the 
correct number of adsorbates given a certain temperature and pressure. The MD algorithm 
can move atoms, but it cannot create or delete atoms in a simulation. Therefore, we use 
Grand Canonical Monte Carlo (GCMC) simulations to initialize our MD simulations with 
the number of atoms commensurate with the required temperature and pressure. 
 GCMC is an algorithm that inserts, deletes, moves, rotates, and swaps molecules 
based on thermodynamic and probabilistic data.32 Like MD, it calculates Van der Waals 




force vector. Instead, it attempts, an action, such as an insertion, deletion, rotation, or swap. 
It first calculates the energy of the molecule assuming the action is complete. If the energy 
is favorable, the action is accepted. If it is not favorable, a random probability is drawn and 
compared to a Boltzmann type energy distribution to determine acceptance. Using GCMC, 
we developed adsorption isotherms and obtained initial coordinates for adsorbates in our 
MD simulations. 
1.2.4 Diffusivity Analysis 
A diffusivity is a value that describes the speed at which molecules move through 
a medium. There are multiple diffusivity values, each describing a different aspect of mass 
transport.33 The most basic is self-diffusivity, which describes the movement of a single 
molecule and is known to chemists as the Stokes-Einstein description of particle mobility.34 
For our purposes, we will use the corrected diffusivity, also known as the single component 
Maxwell-Stefan diffusivity, which describes the movement of the center of mass of a set 
of molecules and is used to calculate flux.33, 35 
To analyze molecular diffusivities, MD is used to record a series of adsorbate 
positions at set intervals throughout the simulation. The positions are then analyzed using 



















〉    (1.9) 
where 𝐷0 is the corrected diffusivity, 𝑁𝑠𝑦𝑠 is the number of molecules in the system, 
∆𝑧𝑠𝑦𝑠,𝑐𝑜𝑚 is the change in the center of mass of the system, and 𝑑 is the dimensionality of 




 This approach is not directly applicable to inhomogeneous systems such as zeolite 
nanosheets that include both gaseous and zeolite regions. Figure 1.2 displays a bulk and 
nanosheet unit cell, both of which should be understood to have periodic boundary 
conditions in all directions. Using the traditional Einstein equation in this case would 
capture the contributions to the diffusivity of both regions, whereas only the contribution 
of the nanosheet is of interest. Since diffusion through vacuum is much faster than diffusion 
























〉       (1.10) 
where 𝑁 and 𝜌 are the time-averaged number of atoms and density in either region, and 𝐴 
is the cross-sectional area of the unit cell normal to the diffusion pathway.31 Once the 
effective diffusivity has been determined by equation 1.10, the flux through a slab is given 
by: 
Figure 1.2 (a) A bulk 1×2×1 and (b) a slab 1×1×1 MFI unit cell oriented parallel 










(𝑓1 − 𝑓2)                                  (1.11) 
where 𝑗𝑠𝑙𝑎𝑏 is the flux through the slab, 𝐿𝑠𝑙𝑎𝑏 is the thickness of the slab, 𝑓1and 𝑓2 are the 
fugacities on the feed and permeate side of the slab, and 𝑓is the average of both fugacities. 
Eqn. 1.11 is only accurate when 𝑓1and 𝑓2 are similar.
31  It is important to note that this 
approach captures the effects of interfacial resistances to mass transfer (also known as 
surface barriers) if they exist and that the effective diffusivities used in this approach are 
valid only for the specific slab thickness for which they are measured. 
1.3 Dissertation Scope 
 The topics described in this thesis advance the understanding of zeolite surface 
favorability and surface diffusion properties. We first generate a database of atomically 
accurate 2D zeolite nanosheets with a large set of frameworks and orientations. We then 
investigate the effect of surfaces on the diffusion process. 
 Chapter 2 describes the generation of an 800,000 structure database ideal for zeolite 
surface property analysis. We created surfaces using an algorithm that minimized the 
number of broken bonds then compared our slabs and predicted crystal shapes to 
experimentally refined nanosheet structures and crystal morphologies. 
 Chapter 3 was motivated by a lack of knowledge regarding the extent to which 
surfaces effect diffusion in zeolite nanosheets. We use molecular dynamics to compare 
diffusion in nanosheets to diffusion in bulk zeolites. We investigate different molecules, 
temperatures, loadings, nanosheet heights, and zeolite frameworks to develop a 




 Chapter 4 uses a set of 2D nanosheets from the database to investigate the utility of 
models of zeolite nanotubes, structures for which no experimental equivalents exist in 
literature. We describe a method of curling zeolite nanosheets into nanotubes then compare 
simulated XRD patterns of Nanotubes and bulk zeolites. 
 Chapter 5 is motivated by a desire to hasten research into zeolite dealumination, a 
process that is damages a zeolite’s catalytic properties. We compare the results of ReaxFF, 
a computationally inexpensive reactive molecular dynamics method, to DFT, the 
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CHAPTER 2. A DATABASE OF COMPUTATION-READY 2D 
ZEOLITIC SLABS* 
2.1  Introduction 
 Nanoporous materials such as zeolites are of great interest as adsorbents, catalysts, 
and membranes in a number of chemical production applications. For example, membrane 
separations can be up to 90% more energy efficient than distillation.1 However, zeolitic 
membranes have generally faced difficulties in scale-up of expensive steps and materials 
degradation2, and their current industrial application is focused upon dehydration of 
organic-water mixtures.3, 4 New synthesis techniques have led to the synthesis of 2D zeolite 
nanosheets wherein crystallization is restricted to two dimensions and the third is only a 
few unit cells in thickness.5-7 This confers a number of attractive properties such as lower 
diffusion resistance (especially for large molecules), very high surface areas, and direct 
surface access to shape/size-selective catalytic sites that would otherwise be embedded 
inside a 3D zeolite crystal. Although it is known that diffusion is enhanced in nanosheets 
relative to bulk materials, the dominant surface diffusion and blockage mechanisms and 





*Contents of this chapter have been reproduced from the previously published article  
Omar Knio, Andrew J. Medford, Sankar Nair, David S. Sholl, ″Database of Computation-Ready 2D Zeolitic 





 It has been suggested that surface diffusion through nanosheets can be retarded by 
repeated cycles of entry and exit into the silica layers.13  Other proposed mechanisms for 
diffusion in zeolitic nanosheets involve pore blockage by adsorption of water on silanol 
groups, pore narrowing, and high rates of desorption from the surface.11, 14 Separate studies 
have reported enhanced water permeability as a result of increasing zeolite surface 
hydrophilicity.8, 15  
 A significant challenge to systematically examining these issues is that very limited 
structural information is available on 2D zeolitic nanosheets. Zeolite databases with bulk 
(3D) material structures have been generated by a variety of methods. The International 
Zeolite Association (IZA) database contains more than 200 experimentally known 
zeolites.16, 17 To expand upon the properties of synthesized zeolites, several computational 
groups have created databases of hypothetical zeolite frameworks.18 Foster and Treacy 
developed the symmetry constrained intersite bond searching (SCIBS)  method and 
obtained a database of over 2 million structures.19, 20 Their database contained 97 IZA 
frameworks, and two predicted 18-membered ring pore frameworks were later synthesized 
as ITQ-33 and ITQ-44.18, 21, 22 Friedrichs et al. systematically enumerated the structural 
possibilities of networks of 4-connected atoms and matched predicted tilings to known IZA 
structures.23  Yu and Xu developed hypothetical structures by placing atoms around 
forbidden zones to achieve the desired porous pattern.18 Pophale, Cheeseman, and Deem 
developed a database of hypothetical zeolites using a Monte Carlo search for zeolite like 
materials.24 About 15% of the structures had energy densities within the range occupied by 




 As mentioned earlier, the above databases listed only describe bulk (3D) zeolite 
materials. To accelerate the development of 2D zeolitic nanosheets, it would be useful to 
have access to a wide range of 2D zeolite structures. To that end, Jamali et al. developed a 
database of 27 zeolite nanosheets and screened the structures for potential use in water 
desalination.25 Their work identified four promising nanosheets based on their pore 
limiting diameter and channel density properties.25 Witman et al. recently systematically 
enumerated minimum bond cut surface terminations and developed a descriptor based on 
the favorability of the two most favorable Miller indices to determine the potential of 
synthesizing a nanosheet from a particular zeolite framework .26 Their results provided 
structures for 3,682 surfaces representing 91% of the bulk structure types in the IZA 
database. In this chapter, we describe a different approach that leads to a set of 804,842 
structures that greatly exceed in their quantity, span of heights, and surface diversity the 
nanosheets of any previous work.25, 26 Our database includes the different 
surfaces/nanosheets that result from multiple possible terminations of a zeolite surface at a 
given Miller plane, and includes nanosheet slabs of arbitrary thickness along all 
crystallographic planes for which the absolute value of each Miller index is < 3. We have 
generated an average of 705 different surface terminations for each of about 92% of the 
bulk structures in the IZA database. As an initial application for our collection of structures, 








2.2  Methods 
2.2.1 Zeolite Surface Generation 
 Throughout this chapter, we consider zeolitic surfaces of siliceous materials that 
can be defined as Miller index surfaces of known bulk zeolite structures. It is not obvious 
a priori which Miller indices are most relevant for a given bulk structure. One way to get 
insight into this issue is to list the Miller indices of surfaces that have been observed 
experimentally on various zeolite crystals. A partial list is given in Table A.1 (Appendix), 
which includes examples such as the {211} surface of ANA and the {-202} surface of 
LAU.27 This list indicates that a range of Miller indices must be considered in any effort to 
define surface structures for a diverse collection of zeolites. We define the Maximum Miller 
index (MMI) as the maximum of the absolute values of each index in the set {hkl}. The 
results in Table A.1 show that 97% of the observed Miller indices have an MMI < 3. In 
addition, the number of unique Miller index surfaces that must be considered increases 
rapidly as MMI is increased. For example, MFI has 19 unique Miller index surfaces with 
MMI = 2 and 49 unique surfaces with MMI = 3. Moreover, the number and complexity of 
candidate structures that must be considered for each Miller index typically increases as 
MMI increases. We therefore used an MMI of 2 in our calculations, and we set out to 
examine every Miller index surface satisfying this restriction for each bulk structure. We 
applied our methods to 217 of the 221 tetrahedrally coordinated (non-interrupted) 
framework materials as defined by the IZA database; four were excluded due to memory 
requirements.16 The IZA database includes an additional 14 structures that are not fully 
tetrahedrally coordinated and denoted with a “-“ sign before the framework (for example, 




 A goal of this chapter is to generate structures with the atomic accuracy necessary 
for geometric calculations and diffusion property analysis.10, 28-31 With this in mind, we 
note that the atomic coordinates from the IZA database are only estimates of a pure silica 
unit cell.16, 17 To refine the IZA bulk structures, each bulk unit cell was relaxed with the 
ReaxFF force field using the LAMMPS Molecular Dynamics package.32, 33 This force field 
was chosen because it allows for the effective relaxation of complex surface terminations 
and is parameterized to accurately account for bond breaking and formation events 
necessary for surface energy calculations.32, 34 Each cell was relaxed for 40 loops of 
conjugate gradient descent energy minimization with an energy tolerance of 10-8 and a 
force tolerance of 10-10 kcal/mole-Å. The effect of relaxation on several cells is shown in 
Table A.2. All calculations generating surfaces started with bulk unit cells that had been 
optimized as just described. Generation of surfaces with arbitrary Miller indices was then 
accomplished with the Pymatgen software package.35 Pymatgen was first used to reduce 
the full set of {hkl} Miller indices to a minimal set of symmetry-equivalent (hkl) Miller 
indices using the space group symmetry of the bulk material.35 For each (hkl) index of this 
kind, a Lattice Reoriented Unit Cell (LRUC) was then generated such that the original 
Miller index of interest is oriented along the c axis of the LRUC.35 In principle, any 
termination of a material perpendicular to the c axis of an LRUC defines an (hkl) surface 
of the material. However, termination of zeolite surfaces requires breaking of chemical 
bonds, so appropriate choices must be made regarding the location of these terminations to 
generate chemically meaningful surfaces. The general principle adopted is that surfaces 




terminations.26 In all cases we assume that broken bonds are -OH terminated in the final 
slab.36 
 Surfaces were generated from LRUCs in two phases: primary surface generation 
and targeted removal.  In primary surface generation, a plane parallel to the reoriented 
surface is placed at a Si atom, and all Si atoms above this plane are removed. Figure 2.1(a) 
shows one of the many possible examples of a primary surface for the (110) LRUC of MFI. 
This process was repeated for every Si with unique coordinates along the c axis in the 
LRUC. For the (110) direction in MFI, this process generates 96 different primary surface 
terminations.  
 Each round of targeted removal proceeds in three steps. In step 1, the number of 
bonds connecting to each Si on the surface is counted, and the Si is labeled as Qn, where n 
is the number of Si connected to the labeled Si via an O atom. In step 2, all Q2, Q1, and Q0 
Si are removed from a candidate surface structure with the aim of finding a surface 
structure containing only Q3 Si. An all Q3 surface was chosen as a target because Q3 atoms 
have the least number of broken bonds and would therefore be expected to minimize the 
number of broken bonds on the surface. The removal of Q2 Si breaks two bonds, and gets 
rid of two broken bonds, so its effect on the total number of broken bonds on a surface is 
Figure 2.1. (a) A primary surface of the MFI (110) LRUC. (b) A surface obtained after 
several targeted corrections with only Q3 Si on the surface. The blue line at the bottom 




neutral. The removal of a Q1 atom breaks one bond and removes three broken bonds. 
Therefore, in step 3, all Q1 and Q0 Si are removed to increase the number and diversity of 
surfaces that fall within the minimum bond broken tolerance. At the completion of step 3, 
the surface is saved as a potential surface and sent to another round of targeted removal. 
The removal of Q<3 Si can sometimes convert a Q3 Si to Q<3 Si, so the procedure is repeated 
9 times for each primary surface, generating a total of 10 surfaces. The process terminates 
once an all Q3 surface is found but was not continued past 9 iterations. Figure 2.1(b) shows 
an example of an MFI (110) surface generated in this way. On MFI (110), the 96 primary 
surfaces resulted in 193 corrected surfaces (not 960 since many were identical), and 55% 
of primary surfaces terminated in an all Q3 surface after an average of 3.6 removal steps. 
An analysis in the Appendix shows that 9 iterations were sufficient to find at least 1 all Q3 
surface for each MFI Miller index examined. 
 Our algorithm finds the minimum number of broken bonds by heuristically relying 
on the number of surfaces generated. A comparison of our method to that of Witman et al. 
shows that our method succeeds in finding the minimum number of broken bonds in almost 
all instances.26 Specifically, out of the 108 Miller indices used to create the 8 Wulff 
constructions in Figures 2.9 and 2.10, only one Miller index, MER (212), did not possess 
the minimum number of broken bonds. For this specific surface, our algorithm found 22 
broken bonds to be the minimum while Witman et al. found 20 broken bonds to be the 
minimum.26 We view a success rate of finding the minimum bond count of more than 99% 
to be adequate for the creation of our database.  
 Figure 2.2 illustrates the formation of a surface that can terminate the upper part of 




primary surfaces are generated in an identical manner with atoms being removed below the 
plane instead of above. Targeted removal is then used to refine the surface in the same way 
described previously. The end result is a set of lower surfaces that can terminate the bottom 
end of a slab. For MFI (110), the 96 primary surfaces produced 180 such corrected surfaces.  
 After surface generation, surfaces were analyzed to determine their total broken 
bond count. For each Miller index of a specific bulk structure, the number of broken bonds 
on all surfaces was counted and the minimum noted. Only surfaces within 130% of the 
minimum number of broken bonds for each Miller index were retained for further use.  The 
tolerance of 130% was chosen because the surfaces with the lowest broken bond count are 
not always those with the lowest surface energy (Figure A.1). For MFI (110), broken bond 
screening retained 57 upper surfaces and 48 lower surfaces. Among the set of surfaces just 
described, the surface Si (Q3 or Qm Si) on some surfaces exhibited symmetry relationships 
to the surface Si on other surfaces.  This is not surprising given the symmetry operations 
that define the atomic coordinates in zeolite unit cells. For example, in the MFI unit cell, 
the Si atoms at fractional coordinates of 0.67 along the b axis are related to the Si atoms at 
Figure 2.2. Two MFI (010) surface cells showing surfaces from the same surface 
symmetry family at fractional coordinates of (a) 0.17 and (b) 0.67 along the b axis. The 
dashed line represents the average surface Si positions and the blue line represents the 




0.17 along the b axis by a glide plane (Figure A.2). Upon the formation of MFI (010) 
surfaces, two surfaces appear related by this symmetry. Identifying symmetry-related 
surfaces has several advantages. Most obviously, the total number of distinct surfaces can 
be reduced. A more subtle advantage is that slabs can be generated with symmetry-related 
top and bottom surfaces, which simplifies the interpretation of surface energies. We return 
to this point later. A radial distribution function (RDF) was used to develop a fingerprint 
for each upper and lower surface (Figure A.3). Surfaces with the same fingerprint were 
grouped into a surface symmetry family. For MFI (110), the result was 28 lower surface 
families with an average of 1.7 members, and 37 upper surface families with an average of 
1.5 members. In addition, 28 of the upper surface symmetry families were matched with 
each of the lower surface symmetry families. Grouping by surface symmetry family 
allowed generation of unique slabs with identical upper and lower surfaces.  
2.2.2 Slab Generation 
 The methods above generated zeolitic surfaces, but additional operations are 
needed to form 2D nanosheets. Specifically, an “upper” and “lower” surface must be 
combined with the appropriate connecting structure to generate a complete 2D sheet, or 
slab. This process varies depending on the slab height and is illustrated schematically in 
Figure 2.3.  For a one-unit-cell slab, the upper and lower surface cells are combined such 
that any atom missing in either surface cell is also missing in the final slab, as shown in 
Figure 2.3(a). For a two-unit-cell slab, the upper and lower surface cells are joined together 
as shown in Figure 2.3(b).  Slabs of height n > 2 unit cells are assembled by adding n-2 
bulk LRUCs between the upper and lower surfaces; Figure 2.3(c) shows an example of 




were derived from optimized bulk unit cell structures, no artificial stresses due to structural 
mismatches occur at boundaries inside the nanosheets. After the formation of each slab, H 
atoms were added 0.9 Å above the surface O to form chemically stable surface terminations 







 The goal of the database is to facilitate simulations with both thin and thick The 
 The goal of the database is to facilitate simulations with both thin and thick 
structures. Structures with thicknesses in the nm range, such as nanosheets synthesized 
with modified structure-directing agents,5 are easier to directly simulate than larger, micron 
sized structures, such as 3D crystal cross-sections. In addition to defining the thickness of 
a zeolitic slab in a simulation, a choice must be made in such simulations between using a 
flexible or rigid framework. Using a flexible framework uses more computational 
resources, but in cases where adsorbates are similar in size to the zeolite’s pores, flexibility 
may be crucial in quantitatively predicting molecular diffusivities.38, 39 These observations 
suggest it would be helpful to have the option of using rigid frameworks to simulate thicker 
slabs but that this option would be less necessary in thinner nanosheets. Motivated by this 
reasoning, two distinct workflows were employed to create two separate databases. The 
methods described in section 2 generated a comprehensive set of surface terminations, with 
Figure 2.3. (a)  A one unit cell slab formed from an LRUC by the elimination of atoms 
that are not present in either the upper or lower unit cell. (b) A two unit cell slab formed 
by the combination of an upper and a lower unit cell. (c) A three unit cell slab formed 
by the combination of an upper unit cell, an LRUC bulk, and a lower unit cell. (d) A 
one unit cell EZT (001) slab after formation from an upper and a lower surface. (e) The 




surfaces related by symmetry operations identified as symmetry families. Starting with 
each surface symmetry family, the first workflow created a database of nanosheets with a 
set height and unrelaxed surfaces, while the second workflow created a database of slabs 









 In the first workflow, slabs were formed separately as 1, 2, and 3 unit cell structures 
as shown in Figure 2.3. For each slab thickness, an initial set of slabs was formed by a 
combinatorial matching of all upper surfaces with all lower surfaces from the same surface 
symmetry family. The initial set of slabs was reduced so each slab was unique as illustrated 
in Figure 2.5. In Figure 2.5(b), the slabs u(1/4)-l(3/4) and u(3/4)-l(1/4) are unique while 
u(3/4)-l(3/4) and u(1/4)-l(1/4) are identical, so only one of the latter two slabs is retained 
in the database. Some slabs with very small heights were excluded from the database 
because they were composed of disconnected clusters of atoms. An example is shown in 
Figure A.4. This workflow produced a database of unique slabs with unrelaxed surfaces 
that had heights of 1, 2, and 3 unit cells. 
Figure 2.4. Schematic illustration of methods used to generate a database 
of thin zeolitic slabs of specified thicknesses (left) and nanosheets that can 














 The second workflow created slab terminations with relaxed surfaces that can be 
assembled into a slab of any height. This occurred in three phases: assembly, relaxation, 
and disassembly, as illustrated in Figure 2.6. During assembly, the upper and lower 
surfaces are combined with 2 or more LRUCs to form a slab with 4 or more unit cells as 
shown in Figure 2.6(b). The outer layers of the slab (Figure A.5) were then relaxed with 
LAMMPS using the ReaxFF force field with one loop of conjugate gradient descent energy 
minimization with an energy tolerance of 10-8, a force tolerance of 10-10 kcal/mole-Å, and 
fixed cell parameters.32, 33 We attempted to use simulated annealing before conjugate 
gradient descent to better explore energy space, but that strategy was discarded because in 
some instances it caused the breakup of the structure at the surface (Figure A.6). During 
relaxation with the ReaxFF force field, about 1.4% of surfaces incurred reactions that 
separated the H from the silanol group or the OH group from the Si. Such surfaces were 
discarded so that all generated surfaces could be described by force fields that assume 
Figure 2.5. (a) A set of upper and lower surfaces belonging to the same surface 
symmetry family. Upper surfaces are denoted by a “u(x)”, and lower surfaces are 
denoted by an “l(x)” where x is the fractional coordinate of surface on the c axis of the 
unit cell. (b) A family of two unit cell slabs formed from the surfaces. Note that there 




tetrahedrally coordinated Si atoms terminated with complete silanol groups.40-42 An 
additional 1.9% were rejected due to memory requirements or similar computational errors. 
After relaxation, the slab was split into a top and bottom slab termination pair as shown in 
Figure 2.6(c). The two sections can be added to LRUCs to form a slab of any height. The 
relaxed surfaces often display hydrogen bonding between the H of one silanol group and 
the O of a neighboring silanol group,43 so they are representative of real surfaces which are 
known to exhibit such bonding.44 An example is shown in Figures 2.6(d,e). 
The final slab database contains 3,694 LRUCs, 152,992 slab termination pairs, and 
651,850 slabs. Directions to download a zipped file containing all structures and other 
Figure 2.6. (a) The upper and lower surface unit cells of an SOD (110) symmetry family 
are combined with n LRUCs to form a slab with an identical top and bottom surface. 
(b) The resulting slab is relaxed with molecular dynamics and split into the (c) top and 
bottom slab termination pairs. (d) The surface of SOD (110) before relaxation shows 
the H atoms in their initial position. (e) After relaxation, H bonds (dashed lines) are 
observed between the H of one silanol group and the O of another silanol group. The 




documentation  are found at https://pubs.acs.org/doi/10.1021/acs.chemmater.8b03290.45 
Figure 2.7 illustrates the types of structures in the database for each Miller index. Figure 
2.7(a) shows a CAS (001) slab termination pair along with the CAS (001) LRUC.  The pair 
of upper and lower surfaces have been relaxed as described above and can be stacked 
around any number of LRUCs to make a slab with any height of interest. This approach is 
well suited for simulations on large structures where framework flexibility is neglected. 
Figure 2.7(b) shows CAS (001) slabs of varying heights. These slabs do not have relaxed 
surfaces and are intended for simulations in which framework flexibility would be 
included. They are meant to resemble the nanosheets obtained experimentally using 
modified structure-directing agents.5 
 Figure 2.8 compares known nanosheets from previous experimental reports and 
their slab counterparts from the database. The experimental structures were obtained from 
Figure 2.7. (a) A slab termination pair with a relaxed surface and the LRUC for CAS 





Rietveld-type refinements of XRD patterns, usually of zeolite layer precursors.46-56 Two 
exceptions to this were IPC-1 and MFI, for which no refined structures could be found. 
The IPC-1 structure displayed was derived from a comparison of XRD pattern peaks before 
and after calcination.57, 58 For MFI, an SEM image was used. 5  
 The refined precursor structures usually contained structure directing agent cations 
which were edited out of the images in Figure 2.8 for clarity.  The slabs were chosen by 
visually comparing slabs in the database to cross-sectional images of the refined structures. 
The close agreement between the experimental data and the slabs is an indication that the 
procedures we used yield physically meaningful results. Though the resemblance was close 
overall, some nanosheets seemed to deviate more from their slab counterpart than others. 
Most notably, PKU-22 appears less atomically dense in the center of the structure. 
Experimentally, PKU-22 contains F- anions (cyan) bonded to Ge T-sites,46 so this is likely 
why it looks slightly dissimilar from the all-silica nanosheet in our database. For MFI, it is 
notable that the thickness of the silica section of the SEM image (2 nm) and the database 
slab with the lowest number of broken bonds on the surface (2.2 nm) were roughly 
equivalent.5 The difference in heights could be due the difficulty of identifying the exact 
termination point of the MFI silica layer in the SEM image. 
 The only other extensive 2D zeolite database to our knowledge is that of Witman 
et al.26 That database only includes 3,682 slabs, all with surfaces that minimize the number 
of broken bonds and are more than 30 Å thick.26  For example, the Witman et al. CAS (001) 
slab is slightly taller than the 41.5 Å slab in Figure 2.7(b) and far thicker than the CAS 

















Figure 2.8. A comparison of experimentally obtained nanosheets with their database 
counterparts. The MFI SEM image was adapted with permission from Choi et al. (2009). 
Copyright 2009 Nature Springer.5 R-RUB-18 was adapted with permission from Marler et 
al. (2005). Copyright 2005 Elsevier.50 IPC-1 was adapted with permission from Grajciar et 
al. (2013). Copyright 2013 Elsevier.56 EU-19 was adapted with permission from Marler et 
al. (2006). Copyright 2006 Elsevier.53 B-RUB-39 was adapted with permission from 
Grünewald-Lüke et al. (2012). Copyright 2012 Elsevier.55 [F, Tet-A]-AlPO-1 was adapted 





representative of nanosheets of variable height. In addition, Witman et al. limited their 
attention to only those surfaces with the minimum number of broken bonds, hindering the 
ability to consider the effects of different surfaces with the same Miller index. As noted in 
Figure A.1, the surface with the minimum number of broken bonds does not always result 
in the surface with the lowest surface energy. We note, however, that the graph theory 
method of Witman et al. could readily be augmented to produce surfaces with a higher 
broken bond tolerance.26 
2.3  Wulff Constructions 
2.3.1 Crystal Habit Prediction Method 
 One immediate use of our database is to predict the equilibrium crystal habit of 
zeolite crystals. Here we do this using the Wulff construction, which minimizes the surface 
energy of a crystal.59 Crystal habit can of course be influenced by the kinetics of crystal 
growth, but modeling of this situation must incorporate details of nucleation and growth 
that are beyond the scope of our work. While work by Anderson et al. has shown that 
simulation of kinetically-controlled zeolite crystal growth is possible,60 it is not feasible to 
apply these methods to a broad range of materials and growth conditions. We therefore 
focus here on using the Wulff construction to provide the first comprehensive description 
of equilibrium zeolite crystal habits. 
 The surface energy of an -OH terminated zeolite surface is a measure of the 
thermodynamic favorability of the bulk relative to the surface and is defined as:61 
         𝛾𝑅𝑒𝑎𝑥𝑓𝑓 =
1
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where 𝛾 is the surface energy, 𝐴 is the surface area, 𝐸𝑠𝑙𝑎𝑏 is the minimized energy of the 
nanosheet, 𝑟 the number of Si atoms in the slab divided by the number of Si atoms in the 
bulk, 𝐸𝑏𝑢𝑙𝑘 is the minimized energy of the bulk, 𝑛 is the number of water molecules added 
to terminate the structure, and  µ𝑤𝑎𝑡𝑒𝑟 is the chemical potential of liquid water. We used 
the chemical potential of water at 0 K, found by subtracting the condensation energy at 100 
˚C (373.15 K) from the minimized energy of a gaseous water molecule.62 Estimating the 
chemical potential by simulating bulk liquid water using ReaxFF gave a very similar value. 
Minimized energies for each surface were obtained from the relaxed slab prior to splitting 
slabs into top and bottom terminations. Because we defined slabs in which the upper and 
lower surfaces were related by symmetry, the surface energy can be unambiguously 
assigned to each surface, unlike the situation that arises when the top and bottom of a slab 
are not identical.  The minimized energy for gaseous water was obtained from relaxation 
of a single water molecule in a large computational volume with ReaxFF in LAMMPS.32, 
33 It is important to note that the use of a force field such as ReaxFF that allows for bond 
formation and breaking is critical to computing the surface energy of these surfaces. 
Simpler force fields such as the Hill-Sauer force field allow the simulation of -OH 
terminated zeolites,41 but cannot be used to self-consistently compare the relative energy 
required to hydrate a variety of surfaces. 
 Since the number of broken bonds has a large impact on surface energy, surface 








The Pymatgen software package was used to generate the Wulff constructions for each 
material.35 It took as input a list of Miller indices and their respective surface energies for 
all Miller indices with MMI < 3. Two sets of Wulff constructions were generated, one using 
𝛾𝑅𝑒𝑎𝑥𝑓𝑓 and one using 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒. For both cases, the surface energy used to represent a 
Miller index was the minimum surface energy calculated amongst all surfaces on that 
Miller index. The resulting Wulff shapes for each zeolite are available for download using 
the link in shown on the page https://pubs.acs.org/doi/10.1021/acs.chemmater.8b03290.45 
Further information about these shapes is given in the Appendix. 
2.3.2 Crystal Habit Analysis 
Several of the Wulff constructions obtained from our calculations are compared to 
SEM images of zeolite crystals from previous reports in Figures 2.9 and 2.10. The zeolites 
shown in these figures exhibited a range of crystal habits. For each framework, an SEM 
image of a single crystal, a Wulff shape based on 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒, and a Wulff shape based on 
𝛾𝑅𝑒𝑎𝑥𝑓𝑓 are shown respectively. Each Wulff shape also has a legend which contains the 
surface area percentage occupied by each Miller index. The results were sorted between 
Figures 2.9 and 2.10 depending on the level of resemblance between the experimentally 
observed crystal and the predicted Wulff shapes. If the Miller indices that are dominant on 
the experimentally reported crystal are also dominant on one of the two Wulff 
constructions, the framework is displayed in Figure 2.9. If Miller indices dominant on the 
experimentally reported crystal are not dominant on either Wulff construction, the 
framework is displayed in Figure 2.10. We reiterate that the Wulff constructions included 




















Figure 2.9. For each framework, an SEM image (left), a 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 Wulff shape (center), 
and a 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 Wulff shape (right) are shown. The Wulff shape legends show the surface 
area (%) occupied by each Miller index. The Miller indices used to generate both Wulff 
constructions are listed below the Wulff shapes. GME was adapted with permission from 
Ghobarkar et al. (2001). Copyright 2001 John Wiley and Sons. 63 MER was adapted with 
permission from Jin et al. (2014). Copyright 2014 Elsevier. 64 ANA was adapted with 
permission from Ghobarkar et al. (1999). Copyright 1999 Elsevier. 65 MFI was adapted 






















Figure 2.10. For each framework, an SEM image (left), a 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 Wulff shape (center), 
and a 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 Wulff shape (right) are shown. The Wulff shape legends show the surface 
area (%) occupied by each Miller index. The Miller indices used to generate both Wulff 
constructions are listed below the Wulff shapes. GIS was adapted with permission from 
Ghobarkar et al. (1999). Copyright 1999 Elsevier.67 NAT was adapted with permission 
from Ghobarkar et al. (2003). Copyright 2003 Springer Nature.68 LTA was adapted with 
permission from Basaldella et al. (1998). Copyright 1998 Elsevier.69 LAU was adapted 




are predicted to actually be expressed on the crystal habit. For example, our calculations 
for ANA included the {100}, {110}, {111}, {210}, {211} and {221} surfaces, but only the 
{100} and {211} surfaces appear on the Wulff shape generated using 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒. Similarly, 
the Wulff construction for NAT includes the {001}, {100}, {101}, {102}, {110}, {112}, 
{201}, {210}, {211} and {221} surfaces, but only the {100} and {101} surfaces appear on 
the Wulff shape from 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒.   
One observation from Figures 2.9 and 2.10 is that the Wulff shapes based on 
𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 resembled the SEM images more than Wulff shapes based on 𝛾𝑅𝑒𝑎𝑥𝑓𝑓. In Figure 
2.9, the GME, MER, ANA, and MFI Wulff shapes based on 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 are similar, although 
not identical to the experimental images. In Figure 2.10, the GIS and NAT Wulff shapes 
based on 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 show resemblance to the experimentally reported crystals while those 
of LTA and ABW do not, so it may seem at first glance that GIS and NAT should be in 
Figure 2.9.  Closer inspection of GIS shows that while the {111} surface is dominant on 
the experimentally reported crystal, the {101} surface is dominant on the Wulff shape. A 
similar scenario is observed in NAT, where the {110} and {111} surfaces dominate the 
observed crystal while the {100} and {101} Miller index groups dominate the Wulff shape. 
Finally, as noted earlier, our algorithm did not find the surface with the absolute minimum 
number of cut bonds for MER {212}. When we rebuilt the Wulff construction based on 
𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 using 20 bonds broken for the {212} Miller index (the correct number of 
minimum bonds as identified by Witman et. al.26), instead of 22 bonds broken, we obtained 
the same Wulff shape shown in Figure 2.9; the {212} surface did not appear. 
 A second observation from Figures 2.9 and 2.10 is that the experimental crystals 




{101}) while those based on 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 exhibit many high Miller index surfaces (ex. {212}, 
{210}). We believe this to be because our surfaces are relaxed in vacuum rather than in 
water. Experimentally, surface silanol groups form hydrogen bonds with water.44 Since 
this cannot occur in our vacuum simulations, surface silanol groups form hydrogen bonds 
with themselves as shown in Figure 2.6(d).  Therefore, the surfaces that form more 
hydrogen bonds are likely to obtain lower surface energies. Incidentally, the LRUC of high 
Miller index surfaces are often non-orthogonal, so H atoms (which are located vertically 
above the O in orthogonal unit cells as seen in Figure 2.3(e)) are located diagonally above 
the O in non-orthogonal unit cells as seen in Figure 2.6(d). The location of H atoms in 
high Miller index unit cells facilitates the formation of hydrogen bonds and therefore 
lowers the surface energy of the high Miller index surfaces without the corresponding 
decrease in surface energy that would have occurred in lower Miller index unit cells due to 
interactions with water. 
 The subtleties associated with comparing our Wulff shapes with experimental 
results are highlighted by previous work by Gren et al., who simulated siliceous and 
aluminosilicate LTA surfaces.62 They found that the presence of Al stabilizes the {100} 
surface relative to the {111} surface, and that this trend is further exacerbated by the 
presence of liquid water. The resulting pure silica crystal was rounded while their Si/Al=1 
crystal was cubic.62 Therefore, their predicted Si/Al=1 crystal morphology resembles that 
of most experimental crystals.69, 71-74 Although the surface energies of our siliceous slabs 
give different relative surface energies than those obtained by Gren et al. for 
aluminosilicates, the structure of the low energy surfaces found by Gren et al. and the 




the materials shown in Figures 2.9 and 2.10 are all aluminosilicates, but those in Figure 
2.9 generally have a higher Si:Al ratio than those in Figure 2.10. The Si:Al ratios refer to 
either the precursor, solution, or crystal Si:Al ratios. The precursor Si:Al ratio refers to the 
composition of glass which was melted and quenched with water during hydrothermal 
synthesis to form the final crystal.63 The LAU crystal’s 0.9 Si:Al ratio is likely less than 
one solely due to the elemental analysis’ accuracy of 10%.70 Since our database only 
contains materials that are pure silica,, it is not surprising that the zeolites with higher Si:Al 
ratio bear more resemblance to the known structures. 
 It is interesting to examine the ability of the calculated surface energies from our 
database to predict the specific surfaces that appear on the experimentally known 
nanosheets shown in Figure 2.8.  For each of the 16 experimentally reported nanosheets, 
the surface of the framework with the lowest 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 and 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 was chosen from the 
set of all surfaces belonging to that framework as the prediction from our database for the 
surface that would be observed as a nanosheet. For 13 of the 16 frameworks, the surface 
defined by both 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 and 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 was the same as the experimentally reported 
material. For 2 of the 13 frameworks,  namely UTL and OKO, there were two surfaces 
(identical in both frameworks because they are formed from the same zeolite layer 
precursor)75 with equal 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒values. In these cases, 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 gives slightly different 
surface energies and the prediction based on the lowest of these energies is the same as the 
experimentally reported surface. For the remaining 3 frameworks, MFI, SOD, and RWR, 
the surface indicated by 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒  differed from that using 𝛾𝑅𝑒𝑎𝑥𝑓𝑓. For MFI, the surface 
indicated by  𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 correctly matches the (010) orientation seen experimentally (noting 




MFI surface indicated by 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 displayed a {101} Miller index. For RWR, the surface 
indicated by 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 was seen on the experimentally observed nanosheet while the 
surface indicated by 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 was not. SOD is the only structure for which the surface 
indicated by 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒, a {100} surface, was not seen experimentally, although the {110} 
surface observed on the nanosheet was indicated by 𝛾𝑅𝑒𝑎𝑥𝑓𝑓. The above discussion shows 
that the surface with the lowest  𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 and 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 is most likely to be observed 
experimentally in zeolitic nanosheets.  Although this was not the case with the MFI {101} 
and SOD {100} surfaces predicted by 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 and 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 respectively, those surfaces 
are observed on their framework’s bulk crystal habit.76, 77  The identification of the 
experimental nanosheet surfaces in most instances by 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 concurs with Witman’s 
results which assume that the surface with the lowest 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒will be seen on the 
nanosheet.26 We combine this information, along with the finding that the 𝛾𝑅𝑒𝑎𝑥𝑓𝑓 can 
break a 𝛾𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 tie to produce a shortlist (also included in the database) of the 217 most 
likely zeolite surfaces to be synthesized as a nanosheet. 
2.4  Conclusion 
 We have created a very large database of 2D zeolite nanosheets which can form the 
basis for systematic studies of the functional properties (e.g., diffusion, adsorption, 
catalytic) of this rapidly emerging class of nanoporous materials. We first formed surfaces 
using an algorithm that iteratively removed undercoordinated atoms to find terminations 
with a low number of broken bonds. The selected surfaces were screened for symmetry 
and uniqueness and then combined to form slabs. The database currently contains 651,850 




nm) and contain nanosheets with the same thicknesses as those found experimentally. The 
slab termination pairs can form structures with thicknesses greater than those spanned by 
the slabs. Our database can therefore be used to study nanosheet properties as a function of 
thickness and surface structure, a feature that is unique to the current work. We used surface 
energies obtained using the ReaxFF force field and surface energies obtained from broken 
bond densities to predict the crystal morphology of zeolite crystals and the surfaces 
observed on nanosheets. The broken bond density predicted more accurate crystal 
structures while both metrics were equally favorable at predicting which surfaces are 
present on a nanosheet. 
 It is important to note that our 2D zeolite structures are pure silica materials and 
that our calculated surface energies do not include the solvent effects that are certain to be 
present during zeolite synthesis. As discussed above, examples are known in which 
variations in the Si:Al ratio and/or inclusion of solvent effects can alter the relative surface 
energy ordering of surfaces on zeolites. Despite the complications associated with these 
effects, we were able to narrow the list of surfaces to those most likely to be synthesizable. 
We hope that this subset can be used to identify synthesized slabs in a high throughput 
way, such as the matching of theoretical to experimental XRD patterns. Alternatively, we 
foresee its use in the screening of structure directing agents to identify those best suited to 
form a particular slab. Finally, our database of atomically detailed structures will be 
valuable for molecular simulations of zeolitic nanosheets that aim to understand how the 
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CHAPTER 3. MOLECULAR DYNAMICS INVESTIGATION OF 
SURFACE RESISTANCES IN ZEOLITE NANOSHEETS* 
3.1 Introduction 
 Mass transfer in zeolites is critical to their performance in catalysis, adsorption, ion-
exchange, sensing, and membrane applications.1  A long standing goal in fabrication of 
zeolite membranes has been to develop ever-thinner zeolite layers to increase the flux 
through these membranes.2 Zeolite membranes that are 500 nm to 3 µm thick can be 
synthesized by secondary growth on seed crystals.3, 4 In contrast, several techniques have 
recently been developed to synthesize zeolite nanosheets that are roughly a unit cell thick.5 
Choi et al. synthesized 2 nm thick MFI zeolite nanosheets using a long-chain structure 
directing agent (SDA) and found that it exhibited faster catalysis due to rapid diffusion into 
and out of the sheet.6 Other 2D synthesis strategies include assembly–disassembly–
organisation–reassembly (ADOR)7 and post-synthesis modification.5, 8, 9 Significant efforts 
have been made to synthesize zeolite nanosheets to increase the catalytic activity for 
molecules whose diffusion into bulk crystals is strongly hindered.10-17 Zeolite nanosheets 
have also been used in membranes with varying degrees of structural modification. Jeon et 
al. used 5 nm thick MFI nanosheets as seed layers for secondary growth resulting in an 
interconnected zeolite layer, giving p/o-xylene separation factors as large as 2,500.18 Cao 
et al. formed a multilayer ZSM-5 hierarchical structure by vapor phase growth of stacked  
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nanosheets preloaded with dilute SDAs, achieving promising results for water 
desalination.19 Jeong et al. made mixed matrix membranes consisting of 5-10 nm thick 
AlPO flakes as the selective phase in a polyamide matrix, greatly increasing the CO2/CH4 
selectivity relative to the polymer alone.20 The aforementioned membranes require 
connecting the nanosheets either through silica growth or by a polymer support, but these 
modifications increase cost. Zhang et al. synthesized a membrane by vacuum suction of 
MFI nanosheets but did not perform any further chemical or physical alterations.21 This 
resulted in a layered, non-hierarchical structure. The membrane achieved a far lower butane 
isomer selectivity than well intergrown membranes, but it hints that simple fabrication 
methods could potentially be developed.21 
 Although molecular diffusion in zeolites has been extensively studied, less is 
known about the surface resistances associated with movement of an adsorbate from a fluid 
phase into a zeolite or the reverse process.22-28  A variety of experiments have indicated 
that surface resistances can be important for zeolite crystals. Wloch studied the effect of a 
crust layer on n-hexane diffusion through 40 µm ZSM-5 zeolite crystals at 298 K and 0.01 
bar.29 Etching the surface with hydrofluoric acid was found to increase molecular diffusion 
by two orders of magnitude. Wloch attributed the formation of a jagged surface crust layer 
to rapid cooling of the crystal post-synthesis.29 Gueudre et al. determined that surface 
resistance accounted for 60% of the total diffusion resistance for cyclohexane at 398 K in 
2 µm silicalite-1 crystals, an outcome that did not change after surface etching.30 Teixeira 
et al. used zero length chromatography and discrete space simulations and concluded that  
more than 99.9% of surface pores on a sample of MFI crystals were closed to benzene 




34 crystals with a size range of 40-50 µm can vary by two orders of magnitude.31 They 
attributed surface resistance to water degradation at the surface because water is known to 
reduce SAPO-34 porosity and nearly eliminates adsorption.31 Briend et al. attributed this 
structural degradation to water attacking Si-O-Al sites.32 Kalanzopoulos et al. tested the 
effect of grafting four moieties on 20 µm MFI crystals.33 They measured the contact angle 
with water to determine the hydrophobicity and diffusivity of hydrogen at 77 K. They 
found that the unaltered surface had the lowest diffusivity and attributed the decrease in 
diffusivity to water crystallizing at the terminal –OH groups.33 The more hydrophobic 
moieties led to faster gas diffusivities.33 Related results have also been reported by Hibbe 
et al. and Karger et al. in metal-organic framework crystals. Their IR spectroscopy imaging 
of hydrocarbon diffusion in Zn(tbip) crystals showed concentration gradients during 
desorption associated with strong surface resistances to molecular transport.34, 35 
 A challenge with interpreting experimental observations of surface resistances is 
that they cannot unambiguously distinguish between resistances associated with material 
imperfections such as blocked pores and surface “crusts” and the resistances that arise 
solely from the existence of an interface between the crystal and the surrounding fluid 
phase. Molecular simulations have been used to quantify the latter class of surface 
resistances because in these simulations the atomic-scale structure of the crystal and its 
surface can be precisely controlled. Dual control volume grand canonical molecular 
dynamics (DCV-GCMD)23, 36 and equilibrium molecular dynamics (EMD) have both been 
used to quantify surface resistances to molecular diffusion through nanoporous materials. 
Arya et al. used DCV-GCMC to determine surface barriers of various molecules in AlPO4-




resistance became larger as the adsorbate to pore diameter approaches unity.36 Ahunbay 
and Richardson used DCV-GCMD to simulate diffusion through a 48 nm MFI layer and 
found that higher pressure and smaller molecules result in lower surface resistance. They 
extrapolated their results and calculated that the surface resistance contribution to total 
diffusion resistance in a 1µm membrane is 17% for CH4 and 2% for Ar.
37  
 DCV-GCMD is a computationally expensive process, so Newsome and Sholl 
introduced an alternative called the local equilibrium flux method (LEFM).23, 24 It uses 
equilibrium molecular dynamics and measures the flux through a plane placed at the 
surface.23, 24 LEFM simulations are considerably faster than DCV-GCMD and are accurate 
enough to calculate order of magnitude estimates of surface resistance.23 Newsome and 
Sholl also highlighted how care must be taken in thermalizing MD simulations involving 
surface resistances, particularly in simulations that approximate the adsorbing solid as rigid 
for computational convenience and speed. 
 Thompho et al. simulated the adsorption of CH4 into silicate-1 to study the effect 
of including surface silanol groups in the model.38 They started with an empty 3.8 nm MFI 
empty cell surrounded by a gas phase and used a flexible framework MD simulation at 300 
K to measure the rate of adsorption into the zeolite. They found that the inclusion of silanol 
groups increased the rate of CH4 adsorption.
38  Jee, McGaughey, and Sholl added a dense 
layer of silica on silicalite and investigated its effect on the surface resistance and ideal 
selectivity of H2 and CH4.
39 The dense layers were roughly 1 nm thick and varied in their 
free volume from 1% to 4% for CH4 and 5% to 11% for H2.
39 For a 10 nm slab the ratio of 
surface resistance to internal resistance was ~1 for H2 and 110 for CH4
,  while for 1000 nm 




 Combariza and Sastre investigated the effect of CH4 concentration in the gas phase 
on the adsorption rate into a rigid 4.4 nm Si-LTA slab at 300 K and concluded that the 
surface has negligible effect on adsorption and an almost total blockage of pores would be 
necessary to affect the overall adsorption rate.40 Zimmerman et al. used dynamically 
corrected transition state theory to investigate the effect of surface barriers on hydrocarbon 
diffusion in siliceous zeolite AFI membranes.41 They defined an effective self-diffusivity, 
Ds,eff, as the self-diffusivity that includes surface barriers and compared it to the standard 
self-diffusivity, Ds, of the bulk material. In a 5 nm thick AFI  membrane, Ds of methane at 
200 K was 10 times larger than Ds,eff.
41 This ratio decreases to 4.5 for a 20 nm membrane 
and became ~1 for a 1000 nm membrane. Zimmerman et al. defined the membrane critical 
thickness as the thickness for which Ds/Ds,eff ~ 4. At low pressures, higher molecular weight 
adsorbates like hexane and pentane had critical thicknesses around 60 nm while methane 
and ethane had critical thicknesses around 20 nm. At high pressures, the critical thickness 
for each species decreases to less than 10 nm. 
 Dutta and Bhatia investigated CO2, H2, and CH4 diffusion in rigid 3-14 nm MFI, 
SAS, and PON slabs.1, 42 They separated surface resistance into an internal zeolite slab 
resistance and an external fluid phase resistance.1 They found that external resistance is an 
order of magnitude less than internal resistance and could be neglected.1 Similar to 
Zimmerman et al., they defined the critical thickness as the slab thickness for which the 
surface resistance to methane diffusion is 25% of the total diffusion resistance. They found 
that the critical thicknesses for diffusion of methane in SAS, MFI, and PON were 14 nm, 




slabs were selective to methane owing to its higher solubility in the zeolite while smaller 
slabs (< 4 nm) were selective to H2 due to its smaller kinetic diameter and faster diffusivity.  
 The simulation results reviewed above suggest that significant surface resistances 
to molecular diffusion can arise in nanometer-scale zeolite slabs even when the surfaces of 
these slabs are free from dramatic surface coatings or deformation. Given the growth of 
interest in synthesizing zeolites of this type, there is considerable value in quantitatively 
understanding the magnitude of these surface resistances. The surface resistance of any 
thin zeolite will of course be dependent on the details of the material’s surface structure. In 
Chapter 2, we developed a systematic series of models of zeolite surfaces and thin zeolite 
slabs that aims to construct well-defined models with realistic surface terminations.43 These 
models provide a useful basis for making a comparison between the surface resistances 
associated with several distinct zeolite frameworks.  
 In this Chapter, we use detailed molecular simulations to assess the surface 
resistances for seven molecules (H2, CH4, CO2, C2H4, C2H6, C3H6, and C3H8) in silica 
zeolite slabs of ~2 nm thickness for 6 zeolites:  MFI, AFI, AEL, ATO, LTA, and CHA. We 
chose the first four zeolites because they have been synthesized as nanosheets and have 
permeable pores normal to the slab.6, 44 Since the first four zeolites have channel-like pores, 
we included LTA and CHA to compare to structures with cage-like pores. We examined 
adsorbates of varying sizes under different temperature and pressure conditions to obtain a 
range of surface resistance values. We then compared ideal selectivities in slab and bulk 






3.2.1 Force Field 
 We used equilibrium Molecular Dynamics (EMD) in the LAMMPS software 
package to simulate diffusion of small molecules in fully flexible pure silica zeolites.45 
Realistic models of zeolite nanosheets were taken from Chapter 2, which made extensive 
comparisons between these models and experimental structural information.43 These 
models have hydroxyl terminated surfaces and were constructed to minimize the number 
of broken bonds made when creating a surface.43, 46 We compared diffusion through 
nanosheets to diffusion through the bulk material to calculate the surface resistance. 
 We used the Hill-Sauer force field with the angle modifications of Boulfelfel et al. 
to simulate zeolite framework flexibility.47, 48 This force field simulates the interaction of 
atoms in the zeolite framework with Coulombic interactions, a 9-6 Lennard-Jones 
potential, as well as bond, angle, dihedral, improper, and other terms.48 Boulfelfel et al. 
changed the  Si-O-Si and O-Si-O angle terms to improve the force field description of 
zeolite pore sizes.47 More details summarizing their findings are given in Appendix B.1. 
To model the terminal OH groups, we used the original Hill Sauer silanol parameters.48  
 All of the adsorbate-zeolite Lennard-Jones parameters we used in this study were 
obtained from previously published works except those for CO2 and H2, which we 
reparametrized to be consistent with the Hill-Sauer charges.49-52 Hill and Sauer reduced the 
charges in their FF by roughly half of their ab initio values.53 Using adsorbate-zeolite FFs 
that were based on charges similar to the latter charges would likely lead to inaccuracies. 




such that the sum of the Coulombic and Van der Waals energy calculated using the partial 
charges in the Hill-Sauer force field was consistent with the energy calculated using the 
quantum chemistry methods.54 Further details are provided in the Appendix. We explicitly 
parametrized the Lennard-Jones terms for CO2 and H2 interactions with Si, bulk O (OSiOSi), 
and silanol H (HOH). We did not parametrize the silanol oxygen OSiOH and instead assumed 
that its Lennard-Jones parameters would be the same as those of the bulk O (OSiOSi). 
 We described CO2 using the EPM2 model, which assumes a partial point charge 
and Lennard-Jones interaction centered at each atom.55 We used the Darkrim and Levesque 
model for H2, which assumes a partial point charge centered on each atom and a partial 
charge and Lennard-Jones interaction at the center of the molecule.56 We simulated the H2 
center in LAMMPS as an atom of zero mass. The adsorbate (CO2, H2) self-interaction 
parameters from their original papers and the adsorbate-zeolite interaction parameters 
parametrized in this study are listed in Appendix Table B.2. 
 We used TraPPE and TraPPE-zeo Lennard-Jones parameters for hydrocarbon-
hydrocarbon and hydrocarbon-zeolite interactions. We simulated ethane, ethene, propane, 
and propene self-interactions using the united atom TraPPE parameters with the CH, CH2, 
and CH3 groups shown in Appendix Table B.3.
50, 51 For zeolite-hydrocarbon interactions, 
we applied Lorentz-Berthelot mixing rules to the hydrocarbon TraPPE and TraPPE-zeo 
parameters in Table B.3.49-51 The TraPPE-zeo force field has parameters for bulk 
framework oxygen atoms (OSiOSi), but not for silanol oxygen (OSiOH).
49 We used the same 
Lennard-Jones parameters for both oxygen types and did not include silanol hydrogen-
hydrocarbon interactions in our simulations.49  We note that the Lennard-Jones parameters 




Jones parameters, not to calculate zeolite-zeolite Lennard-Jones parameters. The original 
Hill Sauer 9-6 Lennard-Jones potential was used for the latter interactions.48 
 We simulated hydrocarbon flexibility using the parameters from Jakobtorweihen et 
al. and Calero et al.57, 58 The TraPPE hydrocarbon force field allows for angle bending but 
not for bond stretching.50, 51 We incorporated bond flexibility because LAMMPS cannot 
readily simulate flexible angles without flexible bonds.45 Further details are given in 
Appendix B.3. 
 For CH4, we used the united atom Lennard-Jones parameters calculated by Fang et 
al. for zeolite-adsorbate interactions and TraPPE parameters for adsorbate-adsorbate 
interactions as shown in Appendix Table B.5.50, 52 We chose the Fang et al. model because 
it was explicitly parametrized for zeolite diffusion.52 Fang et al. used the TraPPE model for 
CH4 self-interactions, so we did so as well.
52 Fang et al. did not include silanol groups in 
their CH4 model.
52 Therefore, we assumed that bulk oxygen and silanol oxygen could share 
the same Lennard-Jones parameters, and we did not simulate silanol hydrogens.  
3.2.2 Structures 
 We used zeolite slab models from Chapter 2, where we systematically generated an 
all silica database of zeolite nanosheets, including models for all examples of 
experimentally synthesized zeolite nanosheets.43 In this chapter we considered the 14 
known nanosheets then eliminated those that did not have an 8 member ring (MR) or larger 
pore normal to the plane of the nanosheet, that is MWW (ITQ-2)59, MTF (HPM2)60, FER 
(RUB-36)61, STI (PKU-22)62, AFO ([F, Tet-A]-AlPO-1)63, SOD (RUB-15)64, RWR (R-




in 4 structures: MFI (010), AEL (100), AFI (001), and ATO (001), none of which have 
specific nanosheet names.6, 44 AFI and ATO nanosheets have only been reported as AlPO 
structures, but the all silica counterparts were used in this study.44  
 Since these four slabs have channel-like pores, we included LTA (100) and CHA 
(101) nanosheets to compare to the results to structures with cage-like pores. We chose the 
LTA and CHA Miller indices that occupied the largest surface area on experimentally 
reported crystals.69, 70 Most of our simulations used slabs of height ~2 nm because that 
corresponds to the smallest known height for the four known nanosheets.6, 44 An example 
of one of these structures is shown in Figure 3.1. We also studied the properties of MFI as 
a function of thickness, so MFI slabs of various heights were used. The unit cell lengths 
were adjusted so that the vacuum spacing between each periodic image of the slab was 4 
nm. Bulk unit cells were expanded normal to the nanosheet Miller index while the LTA 






 All bulk and slab cells were relaxed in LAMMPS using the FFs defined above with 
conjugate gradient descent energy minimization.45, 47, 48, 71 In the bulk materials all cell 
parameters were allowed to change. In the slab, the normal axis was fixed, but the cell 
Figure 3.1. (a) A bulk 1×2×1 and (b) a slab 1×1×1 MFI unit cell oriented parallel 
to the (010) direction. In each case, the system boundaries represent periodic 
boundary conditions. 




parameters in the in plane direction were allowed to change (were not fixed to the relaxed 
bulk values). No constraints were imposed on atom positions. 
3.2.3 Molecular Dynamics 
 Simulations were performed with periodic boundary conditions in all directions. 
Bulk unit cells were simulated in the NVT ensemble with a chain of 6 Nosé-Hoover 
thermostats. For slab simulations, we used an NVT ensemble in the interior of the slab and 
an NVE ensemble on the slab edges. We found that this setup allowed us to account for 
heat lost during desorption as explained further in Appendix B.4. We used the particle-
particle particle-mesh (PPPM) strategy of Hockney and Eastwood to calculate Coulombic 
interactions.72 All time steps were 1 fs and the cutoff for Coulombic and Lennard-Jones 
interactions was 11 Å. Each EMD simulation was run for 50 ns and 20 independent 
simulations were performed at each condition. We used Grand Canonical Monte Carlo 
(GCMC) with the RASPA software package to initialize our Hill-Sauer relaxed unit cells 
with the loading corresponding to the temperature and pressure conditions of the simulation 
and to obtain the heat of adsorption, Qads, at those conditions.
73   
 Coordinates were recorded every 10 ps. To obtain well converged results, we 
divided each trajectory into non-overlapping 1 ns intervals.74 Our error bars represent the 









where 𝜎 is the sample standard deviation, and N is the sample size. The sample comprises 
of all 1 ns intervals from the 20 simulations An example of convergence with mean square 
displacements is shown in Appendix B.5. 
3.2.4 Trajectory Analysis 
 To characterize surface resistances with EMD we used methods due to Liu et al.75 









2〉                                            (3.2) 
where 𝑁 is the number of adsorbates, 𝑑 is the dimensionality, and 𝑟𝑐𝑜𝑚 is the center of 
mass of the adsorbed molecules. This equation can also be applied to a simulation volume 
containing a slab of finite thickness as in Figure 3.1(b). Below we assume that the slab is 










〉                                                      (3.3) 
where ∆𝑧𝑠𝑦𝑠,𝑐𝑜𝑚 refers to the change in center of mass along the z axis. Applying this 
equation to a simulation volume containing a gas phase and a zeolite phase will of course 
give different results than for a simulation of a bulk zeolite. The method of Liu et al. 
separates the contributions due to adsorbed molecules and the surrounding bulk phase as 


















where 𝐷𝑧,𝑧𝑒𝑜 is the diffusivity through the zeolite portion of the unit cell, 𝑁𝑠𝑦𝑠 is the total 
number of molecules in the system, 𝑁𝑧𝑒𝑜 is the average number of molecules in the zeolite 
throughout the duration of the simulation, 𝐿𝑔𝑎𝑠 is the length of the gas portion of the unit 
cell, 𝐿𝑧𝑒𝑜 is the height of the zeolite nanosheet, and ∆𝑧𝑠𝑦𝑠,𝑐𝑜𝑚 is the change in the center of 





𝑁𝑠𝑦𝑠                                                             (3.5) 
where 𝐶𝑧𝑒𝑜 is the total count of adsorbate molecules observed in the zeolite, and 𝐶𝑡𝑜𝑡𝑎𝑙 is 
the total count of adsorbate molecules observed in the system. Both counts are summations 
based on coordinate information from each simulation run. Liu et al. compared the flux 
calculated with the diffusivity from equation 3.4 with the flux obtained from NEMD 
simulations for carbon nanotubes and found that NEMD gave slightly higher fluxes due to 
temperature gradients caused by adsorption and desorption.75 
 We are interested in comparing the surface resistance to the bulk resistance to 
obtain the surface resistance in terms of an equivalent thickness of the bulk material. To do 
this, we write resistance to diffusion as a series of resistances1   
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑏𝑢𝑙𝑘 + 𝑅𝑠𝑢𝑟𝑓                                                     (3.6) 








where 𝑗 is the flux, 𝑓 is the average fugacity in the slab, 𝜌(𝑓) is the adsorbate density, 
𝐷0(𝑓) is the corrected diffusivity, ∆𝑓 is the fugacity gradient across the slab and 𝐿 is the 
thickness of the slab. Equation 3.6 holds when ∆𝑓 is small, in which case 𝜌(𝑓) and 𝐷0(𝑓) 
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                                           (3.9) 
This gives 
𝐻𝑠𝑢𝑟𝑓_𝑒𝑞𝑢𝑖𝑣 = 𝐿 (
𝐷0,𝑏𝑢𝑙𝑘
𝐷0,𝑠𝑙𝑎𝑏
− 1)                                              (3.10) 
where 𝐻𝑠𝑢𝑟𝑓_𝑒𝑞𝑢𝑖𝑣 is the equivalent height of the bulk slab that provides a diffusion 
resistance equivalent to the surface resistance. 
3.3 Results and Discussion 
3.3.1 Surface Resistance in MFI Nanosheets 
 We first investigated diffusion in the MFI (010) nanosheet shown in Figure 3.1 at 
various conditions. This slab has a thickness of 2.2 nm and its surface is normal to the b 
axis, both characteristics of the nanosheet synthesized by Choi et al. in 2009.6 The MFI 
(010) surface termination we chose is predicted to have the minimum number of cut bonds 




of Knio et al.43, 46 For each molecule, simulations were performed at a pressure 
corresponding to a loading of 1 molecule/unit cell in the bulk zeolite and at a “high loading” 
condition similar to the molecule’s saturation loading. The specific pressures and bulk 
loadings for these conditions are listed in Table B.8. Our results in Figure 3.2 show that 
there is a large range of surface resistances at low loading, from 1600 nm for propane at 
250 K to <5 nm for H2 at all temperatures. At low loading, the surface resistance increases 
strongly as the temperature is reduced; for propane the surface resistance increases by ~2 
orders of magnitude as the temperature decreases from 500 K to 250 K. The surface 








 Previous studies of surface resistance in crystals and nanosheets deemed surface 
resistance to be critical when it is responsible for 25% or more of the total diffusion 
resistance through the structure.1, 41 For the 2 nm MFI nanosheet in Figure 3.1, this 
threshold corresponds to a surface resistance of 0.67 nm. Figure 3.2 shows that in almost 
all instances, the surface resistance is not only critical but is the dominant source of 
Figure 3.2. Surface resistance in a 2 nm MFI (010) slab at (a) low loading 




diffusion resistance. At 250 K and low loading conditions, surface resistance for diffusion 
through a 2 nm MFI nanosheet is responsible for > 90% of the total diffusion resistance in 
CH4 and > 99% of the total diffusion resistance for propane. These examples indicate that 
surface resistances may be of great importance in understanding the properties of emerging 
ultra-thin zeolite membranes or similar applications of zeolite nanosheets. 
Figure 3.2(b) shows that propane has a negative surface resistance at 250 K. This 
unusual result arises from a lower propane density in the slab compared to the bulk zeolite. 
The slab:bulk adsorbate density ratio for this specific example is 77%, as shown in 
Appendix B.7. This situation occurs because a fraction of the zeolite slab very near the 
surface is less favorable for adsorption than the equivalent sites in the bulk zeolite. As a 
general rule, lower adsorbate density in the zeolite phase results in lower zeolite phase 
resistance because there is less impedance to the movement of neighboring molecules.77 
The negative surface resistance arises because the total resistance in the slab (i.e. the sum 
of zeolite and surface resistances) is less than the resistance in a bulk of equal height due 
to lower adsorbate density and zeolite resistance.  
 In light of the observation that lower propane density in the slab gives negative 
surface resistance, we asked if this holds for other molecules. In Appendix Figure B.13, 
we find that the density of CO2 in the slab is 97% of the density of CO2 in the bulk, meaning 
that the zeolite portion of the slab resistance is essentially equal to the bulk zeolite 
resistance for CO2. The difference between propane and CO2 appears to be due to the 
molecular sizes. A propane molecule nearly fills the MFI channel, so it is less likely to 
adsorb on the surface where the disappearance of the half the channel wall leaves it exposed 




regions of the zeolite channel. The reduced total resistance observed for propane at low 
temperature in Figure 3.2(b) appears to be an exception rather than the usual situation; in 
every other case we examined for this 2 nm MFI slab the surface resistance was positive 
and often large. 
 Figure 3.2 shows that larger molecules typically have larger surface resistances. 
This observation can be correlated with the heat of adsorption, Qads, of the molecules in the 
bulk zeolite, as shown in Figure 3.3. The strong increase in surface resistance with the Qads 
is reasonable because desorption of molecules from the nanosheet is expected to be a key 
contributor to surface resistance.78 For a better understanding of surface resistance, we 
compared the activation energy of 1/Rsurf to the Qads. After defining an effective activation 
energy for 1/Rsurf for each molecule, we found that this activation energy is uniformly ~8 









Figure 3.3. The surface resistance from a 2 nm MFI (010) nanosheet at 




Figure 3.2 showed that surface resistance was high at low loading and but much 
smaller at near-saturation loadings. The trend of decreased surface resistance with 
increased loading was also observed by Ahunbay et al. and Arya et al., who attributed this 
phenomena to the presence of a fugacity gradient that descends in the direction of the 
vacuum.36, 37 In our simulations we observe that higher pressures result in adsorption layers 
a few Å in thickness (Appendix B.6) at the zeolite surface, suggesting that molecules at 
high pressure can leave the nanosheet environment from a point in the adsorption layer 
farther away from the surface where the attractive interaction of the zeolite is diminished. 
3.3.2  Ideal Selectivity in MFI 
 To test the effect of surface resistance on ideal selectivity, we calculated the ideal 
selectivity of ethene/ethane and propene/propane separation in bulk MFI and 2 nm MFI 
(010) slabs using equation 3.7. For the high loading examples, the same loading was used 
for each species as shown in Table B.8. The ideal selectivity results are shown in Figure 
3.4. When the surface resistance is low, the slab and bulk ideal selectivities are of course 
approximately the same. At conditions where the surface resistances are significant, 
however, we find that the slabs exhibited higher ideal selectivity than the bulk zeolite. 
Because the low loading surface resistances of the two C2 species are more dissimilar than 
the low loading surface resistances of the two C3 species, the increase in the ideal selectivity 
at low temperature is slightly more pronounced for the slab for the former molecular pair. 
It is interesting to note that surface resistance increases the ideal selectivity for each 
















 The ideal selectivity for H2/CO2 and CH4/CO2 are shown in Figure 3.5. Because 
the high loading conditions we considered above for these molecules are from different 
pressures, we only calculated the ideal selectivity at low loading conditions. However, even 
the low loading scenario is also not as straightforward to analyze as it is for alkanes/alkanes. 
The gas pressure that gives a loading of 1 molec/uc for CO2 will not result in loading of 1 
molec/uc for CH4 or H2. For all the data in Figure 3.5 we performed simulations at the 
pressure that gives a loading of 1 molec/uc of CO2 in bulk MFI.  
 
Figure 3.4. Data from bulk MFI and a 2 nm MFI (010) slab. (a) Ethene/ethane ideal 
selectivity at 1 molec/uc. (b) Ethene/ethane ideal selectivity at high loading. (c) 
Propene/propane ideal selectivity at 1 molec/uc. (d) Propene/propane ideal 










 At the same pressure and temperature conditions, CO2, H2, and CH4 have different 
loadings. Since CH4 has a surface resistance roughly equivalent to CO2, both the slab and 
bulk favor CO2. Therefore, the CH4/CO2 separation is thermodynamically driven. 
However, H2 has a much lower surface resistance than CO2, so, the slab favors H2 while 
the bulk favors CO2. Therefore, the H2/CO2 slab separation is kinetically driven. Our 
predicted slab ideal selectivity in favor of H2 indicates that the usual selectivity in favor of 
CO2 in bulk H2/CO2 separations observed experimentally
79 will likely not hold in the 
nanosheet due to the transition to a kinetically dominant separation regime.  Dutta and 
Bhatia observed the same phenomena in their simulations of CH4/H2 ideal selectivity in 
the SAS zeolite.1 
3.3.3 Surface Resistance as Function of Slab Height  
 The specific thickness of the MFI (010) slab in Figure 3.1 was chosen because it 
matches with an experimentally synthesized material. It is, however, interesting to 
understand how the surface resistance of slabs of this kind varies as the nanosheet thickness 
Figure 3.5. Data from bulk MFI and a 2 nm MFI (010) slab. (a) H2/CO2 ideal 




varies. To this end, we performed simulations of H2, CH4, and CO2 in MFI (010) slabs 
varying in thickness from 1 to 14 nm at a range of temperature and pressure conditions. 
These three molecules were chosen because their relatively fast diffusion in the small pore 
zeolites we consider below meant that we could perform similar calculations for the full 
range of materials of interest. Our results for MFI (010) are summarized in Figure 3.6. In 
almost all cases, the surface resistance in a 1 nm slab is equivalent to that encountered in a 
14 nm slab within the uncertainties in our data. However, at 300 K and 2 bar, the surface 













Figure 3.6. Surface resistance plotted against MFI (010) slab heights at (a) 2 bar 




 Most of the examples in Figure 3.6 are situations where the surface resistance is at 
worst a moderate correction to the resistance associated diffusion through the bulk portion 
of the slab. We showed above, however, that using larger molecules and low temperatures 
can give very large surface resistances for a 2 nm MFI (010) slab. To understand if this 
situation changes the way the surface resistance varies with slab thickness, we collected 
the data in Figure 3.7 for H2, CH4, CO2, ethane, and propane in 2 nm and 10 nm MFI (010) 
slabs at 1 molec/uc and 250 K. This data, combined with the information in Figure 3.6, 
indicates that the surface resistances vary weakly with slab thickness for slabs thicker than 
2 nm. This suggests that the surface resistance for each diffusing species of interest can be 
determined for zeolite slabs with a large range of thicknesses from a single calculation with 
a zeolitic nanosheet. This outcome is useful because the computational cost of measuring 









Figure 3.7. The surface resistance of five adsorbates at 250 K and 1 




3.3.4 Nanosheets from Different Frameworks  
 The data above exclusively examined nanosheets of the MFI framework, so we 
expanded our study to include nanosheets from the LTA, CHA, AFI, AEL, and ATO 
frameworks. More specifically, we simulated LTA (100) 2.3 nm, CHA (101) 1.8 nm, AFI 
(001) 2.1 nm, AEL (001) 2.1 nm, and ATO (001) 2.2 nm slabs. In each case, the nanosheet 
was chosen by first identifying which surface from the chosen Miller index had the lowest 
broken bond density using the documentation provided in the database of Knio et al.,43 then 
finding the slab with a height closest to 2 nm. The surface resistances for the diffusion of 
CO2, CH4, and H2 at 250 K and 1 molec/uc in each of these zeolite nanosheets are shown 
in Figure 3.8(a). The surface resistance for all three molecules generally increases in the 
following order: LTA, CHA, AFI, MFI, AEL, and ATO.  
 We expect that the slab diffusivity, 𝐷𝑠𝑙𝑎𝑏, will depend on the rate of diffusion 
through the bulk zeolite, 𝐷𝑏𝑢𝑙𝑘, and the heat of adsorption, 𝑄𝑎𝑑𝑠, calculated at 250 K and 
1 molec/uc. To test this hypothesis, we fit a polynomial to estimate 𝐷𝑠𝑙𝑎𝑏 based on 𝐷𝑏𝑢𝑙𝑘 
and 𝑄𝑎𝑑𝑠 for all six frameworks using Matlab’s nonlinear regression model:
80  
𝐷𝑏𝑢𝑙𝑘 × 𝑥1 + 𝑄𝑎𝑑𝑠 × 𝑥2 + 𝑥3 = 𝐷𝑠𝑙𝑎𝑏,𝑁𝐿𝑅  ≈  𝐷𝑠𝑙𝑎𝑏,𝑀𝐷                     (3.11) 
where 𝑥1, 𝑥2, and 𝑥3 are fitted scalar parameters, 𝐷𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 is the slab diffusivity predicted 
by nonlinear regression, and 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 is the slab diffusivity from the molecular dynamics 
simulations. The fitted parameters are shown in Appendix Table B.10 and plots of 
𝐷𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 and 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 against 𝐷𝑏𝑢𝑙𝑘 and 𝑄𝑎𝑑𝑠 are shown in Appendix Figure B.19. Figure 
















The 𝐷𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 predictions in order of best fit are H2 (R
2 = 0.98), CO2 (R
2 = 0.81), and 
CH4 (R
2 = 0.46). The H2 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 values show a strong trend against the H2 𝐷𝑏𝑢𝑙𝑘 values 
(Figure S.19), and the CO2 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 show a fairly strong trend against 𝑄𝑎𝑑𝑠 (Figure S.19). 
In the case of CH4, its 8 MR 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 values trend with 𝐷𝑏𝑢𝑙𝑘 while its 10 MR 𝐷𝑠𝑙𝑎𝑏,𝑀𝐷 
values trend with 𝑄𝑎𝑑𝑠, so the CH4 fit was less accurate.  The trends show that for a species 
with a high 𝑄𝑎𝑑𝑠 like CO2, higher framework 𝑄𝑎𝑑𝑠 leads to lower 𝐷𝑠𝑙𝑎𝑏, and for species 
with low 𝑄𝑎𝑑𝑠 like H2, higher framework 𝐷𝑏𝑢𝑙𝑘 leads to higher 𝐷𝑠𝑙𝑎𝑏. 
Figure 3.8. (a) Surface resistance at 250 K and 1 molec/uc for CO2, CH4, and H2 
in 2 nm slabs of various frameworks. The LTA CH4 surface resistance was 
effectively 0 nm (-0.3 nm with a 0.3 nm uncertainty). The 𝐷𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 estimates for 




We calculated the ideal selectivity for the bulk and slab structures for the six 
framework nanosheets following the same method we used for MFI above. We ran all 
simulations at the pressure and temperature conditions (1,689 Pa at 250 K) that resulted in 
a loading of 1 molec/uc of CO2 for bulk MFI. We then used the Matlab nonlinear regression 
algorithm80 to estimate the ideal selectivity in a slab based on the ideal selectivity in the 
bulk and the heat of adsorption of both species. 
𝐼𝑆𝑏𝑢𝑙𝑘 × 𝑥1 + 𝑄𝑎𝑑𝑠,𝐶𝑂2 × 𝑥2 + 𝑄𝑎𝑑𝑠,𝐶𝐻4/𝐻2 × 𝑥3 = 𝐼𝑆𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 ≈  𝐼𝑆𝑠𝑙𝑎𝑏,𝑀𝐷    (3.12) 
where 𝐼𝑆𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 is the ideal selectivity in the slab from nonlinear regression, and  𝐼𝑆𝑠𝑙𝑎𝑏,𝑀𝐷 
is the ideal selectivity in the slab from molecular dynamics. The fitted parameters are 
shown in Table B.11, and plots of 𝐼𝑆𝑠𝑙𝑎𝑏,𝑀𝐷 and 𝐼𝑆𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 against 𝐼𝑆𝑏𝑢𝑙𝑘 are shown in 







The 𝐼𝑆𝑠𝑙𝑎𝑏,𝑁𝐿𝑅 prediction for CO2/H2 is reasonable (R
2 of 0.707). 𝐼𝑆𝑠𝑙𝑎𝑏,𝑀𝐷 shows 
a clear negative trend against 𝐼𝑆𝑏𝑢𝑙𝑘 in Figure B.20. A larger 𝐼𝑆𝑏𝑢𝑙𝑘 indicates higher CO2 
Figure 3.9. Ideal selectivity from the simulations and the regression estimate 




loading, and since loading correlates with 𝑄𝑎𝑑𝑠, and 𝑄𝑎𝑑𝑠 correlates with surface resistance, 
a bulk with a higher 𝐼𝑆𝑏𝑢𝑙𝑘 in favor of CO2 will have a slab with a higher 𝐼𝑆𝑠𝑙𝑎𝑏 in favor of 
H2. For CO2/CH4, the R
2 is 0.997.  Although there are six data points in Figure 3.9(a), the 
fitting considers three effective data points, with the four 10 MR structures forming the 
equivalent of a single point at ~(0,0). Since CH4 is very slow to diffuse in 8 MR zeolites, 
the CO2/CH4 ideal selectivity in both the slab and the bulk 8MR structures are primarily a 
function of the respective species’ bulk diffusivities. 
 Slab diffusivity in frameworks depends on both the bulk diffusivity and the heat of 
adsorption. As with different molecules, frameworks with higher heat of adsorption show 
slower slab diffusion. Overall, the bulk ideal selectivities are higher than the slab ideal 
selectivities for CO2/CH4 and CO2/H2 because of the difference in bulk loading between 
both species. In the bulk, there is a thermodynamic (loading) preference for the species 
with the highest  𝑄𝑎𝑑𝑠, but in the slab, this advantage is counteracted by a kinetic (diffusion) 
preference for the species with the lowest 𝑄𝑎𝑑𝑠. 
 Our analysis has focused on isolated nanosheets surrounded by vacuum. In reality, 
zeolite nanosheets used in membranes have a specific stacking architecture such as a 
compact laminate,21 hierarchical nanosheets separated by columns,28, 81 or nanosheets 
separated by crystals.19 It would be useful to study these structures since the size of the 
vacuum spacing in between nanosheets is likely to have an effect on the surface resistance. 
If the spacing is too small, then hopping from one nanosheet to the next would require only 
a small activation energy barrier and surface resistance will be reduced. We predict that 
maximum surface resistance would require a spacing equal to or larger than the adsorption 




columns that separate the nanosheets could affect surface resistance. Adsorbates near 
columns could travel to the opposing nanosheet on a column rather than through the 
vacuum. Therefore, columns that are too close could form a series of bridges that bypass 
surface-to-surface hopping and decrease the surface resistance of the structure. 
 We have only studied all silica structures. Many zeolites, however, include Al 
atoms and various cations. Species with strong charges, such as Ca2+, show preferential 
bonding to olefin double bonds in 3D zeolites.82 It seems likely that including such species 
in zeolite nanosheets would give olefins higher surface resistance than that present in all 
silica nanosheets because of the higher heats of adsorption in cationic materials. The 
distribution of charges is also likely to affect the surface resistance. We expect structures 
with charges on the surface to show a greater surface resistance than structures with charges 
in the interior. Findley et al. explored methods for assessing Al ordering83 in bulk zeolites. 
It would be interesting in the future to extend this to the pure silica nanosheets in the 
database of Knio et al.43.  
3.4 Conclusion  
 In this paper we characterized the effect of the surface resistances on diffusion in 
zeolite nanosheets. We used equilibrium Molecular Dynamics to study the diffusion of H2, 
CH4, CO2, ethene, ethane, propene, and propane in bulk and slab zeolite structures at 
various temperatures and loadings. We found that high temperatures and loadings resulted 
in moderate surface resistance while low temperatures and loadings resulted in high surface 
resistance. In almost all instances, the surface resistance dominated the total resistance to 




of zeolite slabs was found to be roughly independent of the slab thickness. This observation 
is useful because it implies that accurate information about the total resistance to mass 
transfer through zeolite nanosheets of a wide range of thicknesses can be obtained from 
simulations of a single nanosheet and the corresponding bulk zeolite. 
 The main factor that determined the magnitude of surface resistance was the heat 
of adsorption of the diffusing molecule. Among the molecules we considered, propane had 
the highest surface resistance measured as well as the highest heat of adsorption. Hydrogen 
had the lowest surface resistance and the lowest heat of adsorption. We found that the 
effective activation energy for surface resistance was consistently about 8 kJ/mol less than 
the heat of adsorption.  Comparisons of diffusion in different frameworks revealed that for 
molecules with higher heats of adsorption like CO2, frameworks with higher heats of 
adsorption in the bulk displayed lower diffusion in the slab. For molecules with low heats 
of adsorption like H2, slab diffusivity was mainly a function of bulk diffusivity.  
 All the nanosheets we analyzed were pure silica structures considered as isolated 
structures. It would be useful in the future to analyze nanosheet architectures that more 
accurately mimic materials that are of interest as hierarchical catalysts or supported 
membranes. It would also be useful to extend our work to cationic aluminosilicate zeolite 
nanosheets, since the synthesis methods that are known for making zeolite nanosheets are 
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CHAPTER 4. ATOMISTIC MODELING OF ZEOLITIC 
NANOTUBES 
4.1 Introduction 
 Single walled nanotubes (SWNT) are nanoscale building blocks with highly 
desirable electrical, thermal, and mechanical properties. Carbon nanotubes are the most 
famous member of this family and have been investigated for a variety of applications 
including biosensors, biomedical devices, transistors, supercapacitor electrodes, 
strengthening reinforcement agents, and battery anodes.1-6  
 One drawback facing carbon nanotubes is the inability to readily functionalize the 
inner surface for a particular application.7 The addition of moieties requires converting 
carbon atoms in SWNTs from sp2 to sp3 hybridization. This is a difficult conversion, and 
is only possible on the outer surface under harsh conditions.7 However, the concave nature 
of the inner surface renders this conversion thermodynamically unfavorable, so the inner 
surface is considered unreactive except under certain extreme conditions.7-9 
 Synthetic metal oxide nanotubes, such as aluminosilicate and aluminogermanate 
have proven easier to functionalize.7, 10-13 Single walled aluminosilicate nanotubes consist 
of a an aluminum (III) hydroxide outer wall and a silanol inner wall, with a total wall 
thickness of 0.7 nm.7  Johnson and Pinnavaia functionalized aluminosilicate nanotubes 
with (γ-aminopropyl)triethoxysilane while Kang et al. applied acetyl chloride, 




 If zeolitic nanotubes could be created they would be another possible nanoscale 
building block. The existence of zeolite nanosheets motivates the possibility of creating 
zeolitic nanotubes. Zeolite nanosheets exhibit fast catalysis due to the short distance normal 
to the height of the sheet.16 However, the synthesis of hierarchical mesoporous zeolite 
nanosheet architectures, such as pillared structures and multilamellar stacks is difficult due 
to the tendency to undergo partial condensation after calcination.16-22 Zeolite nanotubes, 
should they be synthesized, could open interesting routes to mesoporous zeolite structures 
with applications that could extend beyond separations and catalysis. The modeling 
methods developed earlier in this thesis to describe zeolite nanosheets make it possible to 
consider possible structures of zeolitic nanotubes. In this chapter we describe a method to 
generate atomically accurate zeolite nanotube models using the nanosheets described in 
Chapter 2. We then produce XRD patterns for these model structures to aid in structure 
identification if experiments are performed aiming to synthesize these materials. 
4.2 Methods 
 We developed an algorithm that expands a nanosheet and curls it to obtain a 
nanotube. A brief overview of the process is shown in Figure 4.1, where we started with a 
2 nm MFI (010) slab from the database in Chapter 2, expanded it ten times along the (001) 
axis, then curled it into the final structure shown in Figure 4.1(d). For each nanosheet, two 
different nanotubes can be made depending on which of the two axes in the plane of the 
















 To curl a nanosheet, our algorithm requires three items as input: the axis along 
which the nanotube is expanded, the number of unit cells included in the circumference of 
the nanotube, and the inner radius of the nanotube, 𝑅𝑖𝑛𝑛𝑒𝑟.  
 The curling step is complicated because it generates a new 𝑥′ and 𝑦′ coordinate for 
each atom. The 𝑧′ coordinate is equal to the coordinate on the axis normal to the plane of 
the nanosheet. The algorithm first measures three distances needed to curl: 𝐿𝑠𝑢𝑝𝑒𝑟𝑐𝑒𝑙𝑙, the 
length of the expanded unit cell, 𝐿𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙, the distance between the atom in question and 
the plane intersecting the bottom-most atom in the structure, and  𝐿ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙, the distance 
Figure 4.1. (a) A Miller index coordinate axis with (100) pointing into the plane of 
the page. The coordinate axis describes the orientations of the structures in (b) and (c). 
(b) An MFI (010) slab with a height of 2 nm. (c) An MFI (010) slab expanded ten 
times in the (001) direction. (d) An MFI (010) zeolite nanotube with the b axis in the 





between the atom in question and the vertical wall of the original unit cell. The dimensions 




× 360°                                                     (4.1) 
and a radius: 
𝑅𝑎𝑡𝑜𝑚 = 𝑅𝑖𝑛𝑛𝑒𝑟 + 𝐿𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙                                         (4.2) 
 
where 𝑅𝑎𝑡𝑜𝑚 is the distance between the center and the atom’s new position. Finally, 𝑥′ 
and 𝑦′ are calculated: 









Figure 4.2. (a) The four distances needed in order to transform an atomic coordinate 
from an expanded slab to a nanotube. A rectangular section of the expanded slab is 
removed from the image for a better view of the distance labels. (b) The 𝑥′ and 𝑦′ 




4.3 Results and Discussion 
 We first made two different nanotubes made from the same 2 nm MFI (010) slab 
starting structure as shown in Figure 4.3. For the nanotube in Figure 4.3 (a), Nanotube-1 
(NT-1), the slab was expanded ten times in the (100) direction while for NT-2, the slab was 
expanded 10 times in the (001) direction. However, they both have a 2.8 nm inner diameter 
by design and a 7.2 nm outer diameter due to the height of the nanosheet. The structures 
shown in Figure 4.3 did not involve any relaxation of any atoms in the nanotubes; they are 








 A single nanosheet can generate a wide variety of nanotubes based on the input 
parameters, so it is useful to employ a descriptor to define the nanotube. NT-1 can be 
referred to as MFI–(2.2, 20.2, 2.8, b, a, c), where 2.2, 20.2, and 2.8 nm refer to the height 
of the nanosheet, the length of the expanded sheet prior to curling, and the inner diameter 
of the nanotube. The axes b, a, and c refer to the axis normal to the plane of the nanosheet 
Figure 4.3. (a) A 2 nm MFI (010) slab and its nanotube with the b axis in the radial direction, 
the a axis in the azimuthal direction, and the c axis in the axial direction. (b) The 2 nm MFI 
(010) slab and its nanotube with the b axis in the radial direction, the c axis in the azimuthal 




(radial direction of nanotube), the axis along which the nanosheet is expanded (azimuthal 
direction of nanotube), and the axis along the axial direction of the nanotube. Similarly, 
NT-2 can be defined as MFI–(2.2, 13.3, 2.8, b, c, a). Our descriptor assumes expanding 
and curling along the original unit cell axes. To describe extension and curling along axes 
with a larger Miller index, a more complex descriptor may be necessary. We further note 
that in this chapter, all nanosheets used are from the database described in Chapter 2, and 
the nanosheet chosen had a surface with the least number of broken bonds from among the 
set of nanosheets with the same framework and Miller index. 
 The nanotubes in Figure 4.3 have strained bond lengths. Bonds on the outer surface 
are larger than bonds on the inner surface because the algorithm expanded the distance 
between atoms to fill the outer circumference and contracted them to fill the inner 
circumference. The average Si-O bond length in an MFI unit cell relaxed by ReaxFF23 is 
1.56 Å. However, the Si-O bond length of the innermost NT-1 bond is ~0.86 Å and the 
outermost bond length of the NT-2 bond is 2.3 Å, as shown in Table 4.1.  
Table 4.1 – Nanotube Si-O Bond Lengths (2 nm Thick Wall) 
Nanotube Inner Bond (Å) Outer Bond (Å) 
NT-1 0.86 1.63 
NT-2 1.30 2.30 
 Since the amount of expanding and contracting needed to fit the circumferences is 
proportional to the height of the slab, we used a thinner nanosheet to obtain better Si-O 
bond lengths. The nanotubes NT-3 and NT-4 are made from the 1 nm MFI (010) nanosheet 
shown in Figure 4.4(a) expanded in the (100) direction six times, curled, and then then 




inner diameter (4.2 nm) than NT-4 (3.0 nm), so NT-3’s outer bonds broke during 
relaxation. The nanotubes prior to relaxation are shown in Figure 4.4(b) and 4.4(d) and 
the post relaxation structures are shown in Figure 4.4(c) and 4.4(e). The inner diameters 
of both nanotubes are smaller post relaxation.  NT-3 and NT-4 are described respectively 













Figure 4.4. (a) The 1 nm MFI (010) slab used as the basis for the four nanotubes. (b) A 
nanotube before relaxation, MFI–(1.2, 121, 4.2, b, a, c), and (c) the nanotube after 
relaxation, MFI–(1.2, 121, 3.1, b, a, c), labeled as NT-3. The nanotube shown in (d) is 
generated using the same conditions as (b) but its inner diameter is smaller. Its structure 




 The Si-O bond lengths for NT-3 and NT-4 are shown in Table 4.2 Overall, they 
are closer to the bulk MFI bond length of 1.55 Å. This shows that a thinner slab wall is 
likely more favorable than a thicker one. Since ReaxFF allows for bond breaking,23 some 
NT-3 Si atoms were left without O bridges to neighboring Si. In solution, water molecules 
or silica fragments could bond to such sites leading to deviations from the pristine MFI 
framework. 
Table 4.2 – Nanotube Si-O Bond Lengths (1 nm Thick Wall) 
 
 
 The nanotube models could be useful in identifying an experimental nanotube 
structure using simulated diffraction patterns. In Figure 4.5, we compare the simulated 
XRD patterns from bulk MFI to the simulated XRD patterns of NT-3 and NT-4. The 
nanotube unit cells have 5 nm of vacuum between the outer nanotube edge and each of the 
four cell walls as shown in Appendix Figure C.1. Bulk MFI has two intense peaks at 2θ = 
8.0° and 8.9° and a less intense peak from 2θ = 23.0° to 25.0°. In the nanotubes, the less 
intense peak disappears and a new intense peak is formed at 2θ = 5°. The low angle peak 
is replaced by a less intense, broad peak, in both nanotubes, but NT-3 has a more intense 
replacement peak than NT-4. 
 
 
Nanotube Inner Bond (Å) Outer Bond (Å) 
NT-3 1.56 1.55 










 The differences between the bulk MFI spectrum and the nanotube spectra indicate 
that knowledge of the bulk zeolite framework spectra is likely insufficient to readily 
characterize a nanotube from that framework. Therefore, because our method can generate 
structures for specific candidate nanotubes our models could be useful for generating 
simulated XRD patterns to compare to experimentally obtained XRD results.  Since our 
models are continuous unit cells, they may also be used to generate IR and ED patterns for 
further comparisons.  
 Our methods are generalizable to any 2D slab structure. Using several slabs from 
the database described in Chapter 2, we have generated structures from different 
frameworks as shown in Appendix C. In principle this effort could be extended to the full 
range of zeolite nanosheets examined in earlier chapters, but because of the paucity of 
experimental data it is likely that the first applications of these methods will be to help 
understand specific targeted structures in experiments.   
 





 Zeolite nanotubes, if they could be produced, may be useful as nanoscale building 
blocks. In this chapter, we developed an algorithm that curls nanosheets into nanotubes 
using trigonometric calculations. Simulated nanotube XRD patterns differed from 
simulated bulk XRD patterns of the same zeolite topology, so knowledge of bulk XRD 
patterns will likely not be enough to identify nanotube XRD patterns. Therefore, we believe 
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CHAPTER 5. TESTING THE FEASIBILITY OF 
QUANTITATIVELY MODELING ZEOLITE DEALUMINATION 
WITH THE REAXFF FORCE FIELD  
5.1 Introduction 
 Zeolites are widely used as catalysts in industry.1 They are used extensively for oil 
refining, petrochemistry, and the production of specialty chemicals. Their success as 
catalysts is due to their high surface area and adsorption capacity as well as the ability to 
control the hydrophilicity of their channels and the strength and concentration of their acid 
sites.1 In addition, the ~200 known zeolite frameworks have a wide range of pore 
characteristics, which provide shape selectivity for the reactant, product, or transition state 
that can be used to direct catalytic activity towards the desired product and away from 
undesired side reactions.1  
 A pure silica zeolite has an elemental composition of SiO2. Most industrial zeolites 
replace some Si atoms with Al, turning Si-O-Si sequences into Si-OX-Al sequences, where 
the Al has a net negative charge that is offset by a positively charged species X near the 
bridging O. Here, X can be an H atom or a cation such as Li, K, Na, or Ca. These Si-OX-
Al sites are acidic and are considered the active catalytic sites in zeolites, so their chemical 
integrity is necessary to maintain catalytic activity.2 
 Unfortunately, water is known to attack Al sites and, through a series of reactions, 
remove aluminum atoms from zeolites.3 A detailed mechanistic explanation for 




DFT and proposed a disilanol intermediate with a high activation energy.4, 5 Silaghi et al. 
identified a more favorable pathway involving nondissociative water adsorption on Al 
using DFT.6, 7 Nielsen et al. found that the Al-O hydrolysis energy barrier is decreased 
when more water molecules are in the system.8 Sun et al. found that cationic zeolites have 
higher energy barriers than protonic zeolites because the Al-O bonds do not break 
concurrently with the dissociation of water.3  
 The drawback to the DFT based methods used in previous studies is their 
computational burden. In addition, most of the DFT studies mentioned use one or two water 
molecules.3-8 In reality, tens of water molecules could be present in a zeolite’s pores and 
these clusters could greatly change the reaction dynamics.2 Joshi et al. used ReaxFF2, a 
reactive molecular dynamics force field that can simulate reactions orders of magnitude 
faster than DFT to investigate proton hopping in zeolite channels. They found that the 
larger the number of water molecules in a cluster, the lower the activation barrier to proton 
hopping since more water molecules could now share the charge burden.2 
 The use of the ReaxFF force field for the study of zeolite dealumination would be 
ideal due to its speed, but the accuracy of ReaxFF for such calculations in unknown. There 
is no body of evidence suggesting that ReaxFF can calculate dealumination activation 
energies, Gibbs free energies, or heats of reaction comparable to DFT results. In this 
chapter, we compare the heats of reaction found by ReaxFF to the heats of reaction found 







 Sun et al. studied twenty two reaction pathways for H-LTA, Na-LTA, K-LTA, and 
Ca-LTA Al-O hydrolysis reactions using plane wave DFT calculations with the PBEsol + 
D3 functional.3 They used the nudged elastic band method to find transition states, then 
calculated the activation energy and Gibbs free energy. They also found the final state 
energy, from which a ΔHrxn could be obtained.
3 
 To evaluate the ReaxFF force field, we chose to compare against the Sun et al.3 
values for ΔHrxn since ΔHrxn allows a quantitative comparison of the different 
computational methods with relatively simple calculations. We used the Joshi et al. ReaxFF 
force field version since a subset of its parameters pertaining to the Al-O bond were refitted 
to better describe aluminosilicate geometries.2  
 Sun et al. relaxed their unit cells to obtain geometries that minimized the strain on 
the atoms as calculated by DFT forces.3  However, the bond lengths and angles that 
minimize strain using one DFT or MD treatment usually differ slightly from their ideal 
equivalents using a different treatment. Therefore, we relaxed the initial state and final state 
unit cells (formerly relaxed with DFT) from each reaction mechanism using LAMMPS 
geometry optimization with the ReaxFF force field. For each structure, we ran the 
optimization cycle 20 times with an energy tolerance of 1E-8.  
5.3  Results and Discussion 
 We first examine the effect of relaxation on a structure using the Sun et al. HLTA-
H
2
O-path3-IS unit cell3 as an example.  The name indicates that the structure is an LTA 




the vicinity of the Al atom, and describes the geometry of the initial state of the third 
possible dealumination path proposed and examined.3 In Table 5.1, we compare the unit 
cell parameters of HLTA-H
2
O-path3-IS cell prior to our relaxation (i.e. the structure as 
relaxed by Sun et al.) and after relaxation (using LAMMPS and ReaxFF). We find that 
ReaxFF preferred a slightly smaller unit cell with angles that are closer to 90° by a fraction 
of a degree. 














Sun et al. 
(DFT Relaxed)3 
11.95 11.98 11.84 89.7 89.9 89.5 
This work 
(ReaxFF Relaxed) 
11.91 11.91 11.73 90 90 89.47 
 
 For a better understanding of the origin of the difference in unit cell parameters, we 
can examine individual bonds and angles from the unit cell before and after relaxation with 
the ReaxFF force field. In Figure 5.1, we show a section of the unit cell featuring an Al 
atom, a nearby H2O molecule, a bridging OH group, and an Si-O-Si-O connection to the 
rest of the structure. All other atoms in the unit cell have been removed for clarity. Select 












 The bond and angle measurements for the atoms shown in Figure 5.1 are displayed 
in Tables 5.2 and 5.3. Table 5.2 shows that ReaxFF predicts shorter bonds for O-Si, but 
larger bonds around Al and between the water molecule’s O and H atoms. Table 5.3 shows 
that angles involving Si and O differ by up to 6° from their DFT counterparts, whereas 
angles involving Al differ up to 16° from their DFT counterpart. Although The Joshi et al. 
version of the ReaxFF force field was parametrized to obtain more accurate bonds and 
angles involving Al,2 the pure silica geometries still bear a closer resemblance to the DFT 
description. These comparisons show that a ReaxFF relaxation was carried out successfully 
and the resulting structure was optimized to a different geometry.  




















Sun et al.        
(DFT Relaxed)3 
1.62 2.035 2.059 0.985 
This work 
(ReaxFF Relaxed) 
1.575 2.166 2.079 1.023 
Figure 5.1. A portion of an LTA unit cell with select bonds and angles labeled in green and 









 Figure 5.2 compares the ΔHrxn using three different methods. The DFT ΔHrxn is 
obtained directly from the Sun et al. data,3 so it compares the energies of the initial state 
unit cell as relaxed by DFT and the final state unit cell as relaxed by DFT. Therefore, it 
uses DFT relaxed geometries and DFT potentials. The ReaxFF Relaxed ΔHrxn uses ReaxFF 
relaxed geometries and ReaxFF potentials. The ReaxFF t0 data uses DFT relaxed 
geometries with a ReaxFF potential. The values for the latter data set were gathered at the 
0th time step of the relaxation, i.e. before the geometry was changed by ReaxFF. The 
ReaxFF Relaxed data has a lower ΔHrxn than the ReaxFF t0 data. However, neither data set 





















Sun et al.        
(DFT Relaxed)3 
112.32 155.22 128.08 116.34 
This work 
(ReaxFF Relaxed) 












 To investigate further why the ReaxFF Relaxed dataset in Figure 5.2 did not match 
the DFT dataset, we considered a simpler situation consisting of a unit cell with a methane 
and a silanol molecule with the formula O(SiO3H3)2.  We placed the two molecules at 
various distances apart and calculated the interaction energies: 
𝐸𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑠𝑖𝑙𝑎𝑛𝑜𝑙,𝑚𝑒𝑡ℎ𝑎𝑛𝑒 − (𝐸𝑠𝑖𝑙𝑎𝑛𝑜𝑙 + 𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑒)                           (5.1) 
where 𝐸𝑠𝑖𝑙𝑎𝑛𝑜𝑙,𝑚𝑒𝑡ℎ𝑎𝑛𝑒 is the energy of the unit cell with silanol and methane, 𝐸𝑠𝑖𝑙𝑎𝑛𝑜𝑙 is 
the energy of the silanol molecule in isolation, and 𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑒 is the energy of the methane 
molecule in isolation. The methane and silanol molecule geometries were obtained from 
Fang et al. who relaxed them using the DFT/CC (Coupled Cluster) method.9, 10 We 
calculated the interaction energies using the DFT/CC relaxed geometries with the ReaxFF 
potential, so we again term these energies ReaxFF t0 in Figure 5.3, which compares the 
Figure 5.2. A parity plot of DFT ΔHrxn and ReaxFF ΔHrxn obtained at the 
DFT configurations of Sun et al. and upon completion of the relaxation 




interaction energy from this work to the interaction energy calculated by Fang et al. with 
DFT/CC.9 
 In both this work and that of Fang et al, the geometries of both molecules were kept 
rigid while calculating the energy in isolation and in the combined unit cell.9 Therefore, 
the internal energy of the molecules is expected to cancel out and leave only the interaction 
energy. We expect the interaction energy to converge to 0 as the C-O distance approaches 
infinity. This trend is observed in the DFT/CC data from Fang et al., but the ReaxFF 
energies in Figure 5.3, converge to approximately -13 kJ/mol for large separations. 
  
 The origin of the unphysical behavior by ReaxFF in Figure 5.3 can be understood 
by examining the charge on each molecule. A key feature of ReaxFF is that is dynamically 
assigns point charges to each depending on their local environment. At the large 
Figure 5.3. (a) The interaction energy calculated using DFT by Fang et al.9 and 





separations shown in Figure 5.3, the methane molecule had a charge of 0.13e while the 
silanol cluster had a charge of -0.13e, a clearly unphysical result. It is important to note 
that when ReaxFF is applied to a large simulation volume that contains only a single CH4 
molecule or silanol cluster, the net charge on each set of atoms is zero, as physically 
expected.  
 We performed a final set of simulations with a single Na and Cl atom together in a 
unit cell. They were placed at separate distances, and the charge (positive on the Na and 
negative on the Cl) was calculated with ReaxFF. The results are shown in Figure 5.4. The 
partial charge decreases until it levels off to ±0.46e at 10 Å. Again, this is an unphysical 
result and confirms that ReaxFF cannot adequately handle long-distance charge transfer. 
  The Qeq algorithm used to equilibrate charges for ReaxFF attempts to 
minimize the Gibbs free energy of electron transfer.11, 12 In other words, it assumes that all 
atoms in the system have interacted sufficiently to share electrons.12 In reality, charge 
transfer is a function of the distance between atoms as well as the propensity of electron 
Figure 5.4. The net charge on the Na and Cl atom at various distances as 




transfer.11, 13 Verstraelen, Vandenbrande, and Ayers have made progress in developing 
potentials to fully incorporate distance in charge distribution algorithms.13, 14 However, the 
problem is non-trivial since the potentials needed are complex and cannot fit easily into a 
molecular dynamics framework. This remains an ongoing topic of research.13, 14 Since 
dealumination requires accurate charge transfer between water clusters and the framework, 
ReaxFF cannot be used to study the topic. 
 We note that the ReaxFF force field was used in several places in preceding 
chapters to relax zeolitic nanostructures. The structures that were used in those instances 
were all continuous zeolites or, in Chapter 2, an H2O molecule in isolation. It therefore 
seems likely that ReaxFF is far more reliable in giving physically plausible structures in 
those instances than in the dealumination examples examined above. 
5.4 Conclusion 
 We have described tests of the ReaxFF force field for describing dealumination by 
water in zeolites by comparing results from force field calculations with previous DFT 
calculations. Unfortunately, our results indicate that ReaxFF cannot be used to study zeolite 
dealumination quantitatively. The inaccuracy of ReaxFF in this case is rooted in unphysical 
charge partitioning that can occur between chemically distinct species, which leads to 
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CHAPTER 6. CONCLUSION 
6.1 Thesis Impact 
 Separating chemical mixtures with thermal distillation uses a significant portion of 
the world’s energy. Replacing distillation columns with membranes could reduce the 
energy dedicated to chemical separation and lead to reductions in greenhouse gas 
emissions. Zeolites are widely studied for use as membranes due to their chemical stability 
and pore sizes in the range of many common industrial chemicals. Zeolite membranes 
consist of an active layer of µm sized zeolite crystals above a stronger, pressure bearing 
substrate. An increase in flux is required for commercial viability so research groups have 
focused on developing ever thinner zeolite membranes. A recent development is the ability 
to synthesize zeolite nanosheets, which are 2D materials with thicknesses of around 2 nm. 
These materials have exhibited faster diffusion than 3D zeolites, so they have generated 
much interest in their properties. 
 Zeolite diffusion studies usually focus on diffusion through the crystal phase and 
neglect the effect of the surface on movement into or out of the crystal. Since most studies 
examine µm sized crystals, the effect of the surface is assumed to be negligible. However, 
in a nanosheet with a height of 2 nm, the surface resistance could play a larger role in 
diffusion. 
 Molecular simulations require atomically accurate models of zeolite nanosheets to 
probe surface properties, but prior to this work, there was no computation ready database 
of slabs that resembled experimental nanosheets. Therefore, in Chapter 2 we developed a 




minimizing the number of bonds broken while severing the bulk unit cell. The slabs consist 
of structures with a set height that can be used directly and others with an arbitrary height 
that require assembly prior to use. The latter type consists of slab surfaces that can 
terminate any number of bulk unit cells to form a slab with a predetermined height. To test 
the accuracy of our methods, we compared our slabs to synthesized nanosheets and found 
that our database contains a representation of every known zeolite nanosheet. We were also 
able to predict crystal morphologies for structures with high Si/Al ratios. The result is a 
database with realistic 2D nanosheets that can be used for investigations of zeolite surface 
properties. 
 In Chapter 3 we asked if surfaces can significantly affect diffusion though a 
nanosheet. We investigated seven different molecules, a range of temperatures, high and 
low loadings, a range of nanosheet heights, and nanosheets from various frameworks. We 
used molecular dynamics to compare diffusion in bulk and slab structures and calculated a 
surface resistance, which describes the extent to which the surface slows diffusion. We 
found that in almost all the conditions we studied, the surface exhibited more resistance 
than the zeolite phase.  
 Molecules with higher heats of adsorption have higher surface resistance because 
they are more attracted to the framework and are therefore slower to desorb. Low 
temperature exhibits high surface resistance because it decreases the energy available for 
desorption. High loadings decrease surface resistance because they allow molecules to 
desorb from an adsorption layer at a distance farther from the zeolite surface. Nanosheets 
as large as 10 nm in height were found to exhibit roughly the same magnitude of surface 




adsorption exhibited higher surface resistance than those from frameworks with low heats 
of adsorption. Overall, we conclude that surface resistance is an activated process with 
energy needed to overcome the desorption step. 
 The dominance of surface resistance in nanosheets effects their ideal selectivity. In 
the bulk phase, zeolites are widely known to favor CO2 over H2 due to higher CO2 loading. 
However, we found that slabs favor H2 because CO2 has a higher heat of adsorption and 
therefore higher surface resistance. Our pure silica bulk MFI simulations show little ideal 
selectivity for C2 and C3 olefin/paraffin species. However, we found that paraffins have 
slightly higher heats of adsorption and surface resistances than olefins, so the nanosheet 
ideal selectivity favored olefins. Therefore, surface resistances can be harnessed to improve 
a membrane’s separation ability. 
 There exists no published literature on the existence of zeolite nanotubes, but they 
could be prove adaptable molecular building blocks should they be synthesized. In Chapter 
4, we used slabs from our database to make zeolite nanotube models. We describe an 
algorithm that expands a nanosheet and curls it into a nanotube using trigonometric 
operations. We compared simulated bulk XRD patterns to simulated nanotube XRD 
patterns from the same framework and found that they were different, so knowledge of 
bulk characterizations is insufficient to identify and prove the synthesis of a nanotube.  
Therefore, our nanotubes could provide simulated nanotube characterization patterns to 
match against experimental data. 
 Dealumination is the process by which water molecules gradually remove Al atoms 




5, we attempted to study zeolite dealumination using the ReaxFF force field. We compare 
our data to that generated using DFT methods and found that ReaxFF gives unrealistic 
results. We traced this back to the ReaxFF charge partitioning function’s inability to fully 
take distance into account when assigning charges. Since dealumination simulations would 
include water clusters unbound to the framework, the inability to assign the system correct 
charges render’s ReaxFF’s results meaningless. 
6.1 Suggested Future Work 
 Our 2D slab database can be used to study a wide variety nanosheet properties. 
Since synthesis strategies for new nanosheets remain elusive, one could obtain a better 
understanding of zeolite synthesis thermodynamics by examining the affinity of structure 
directing agents to the zeolite pores.  To study catalytic properties, our pure silica structures 
can be augmented with Al and cations to give realistic representations of acid sites. The 
aluminosilicate slabs can then be used in DFT calculations to better understand surface 
reactions mechanisms. Finally, our database could aid in the characterization of new 
nanosheets and their derivative structures such as zeolite nanotubes. 
 The nanosheets we used to study surface resistance were pure silica slabs suspended 
in vacuum. It would be useful to investigate realistic structures such as hierarchical zeolites 
to test the effects of nanosheet spacing and column density. The vacuum layer around 
nanosheets is responsible for the surface resistance, so diminishing it by columns or 
excessively close nanosheets could decrease the surface resistance. Finally, the addition of 





APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
A.1  Explanatory Tables 
Table A.1 - Miller Indices Observed on Experimentally Reported Crystal Habits 
Framework Miller Indices 
EDI 1 {111}, {110}, {001} 
MER 1 {111}, {110} 
MAZ 1 {100}, {102} 
PHI 1 {110}, {010}, {001} 
GIS 1 {101}, {100} 
ABW 1 {130}, {111}, {110}, {101}, {010} 
SOD 2 {100} 
ANA 1 {211}, {100} 
LTA 3  {110}, {100} 
LAU 1 {-201}, {110}, {100}, {001} 
THO 1 {010}, {110}, {100}, {001} 
NAT 1 {111}, {110}, {100} 
MFI 4 {101}, {100}, {010} 
 
Table A.1 was used to choose the Maximum Absolute Miller index (MMI) for the 
database.  It was compiled by noting the Miller indices identified on the crystal surfaces of 
various zeolites (observed in SEM images) 1-4. Of the 36 Miller indices shown, 32 (89%) 
Miller indices had an MMI =1, 3 (8%) Miller indices had an MMI=2, and 1 (3%) Miller 
index had an MMI=3. The scarcity of Miller indices with MMI=3 indicated that generating 




Table A.2 - A Comparison of Relaxed and Unrelaxed Unit Cells 




Framework Status a b c α β γ 
 
AEL IZA 8.31 18.73 13.39 90 90 90 2085 
AEL Relaxed 8.32 18.26 13.46 90 90 90 2044 
AFO IZA 9.76 25.61 8.33 90 90 90 2083 
AFO Relaxed 9.71 25.26 8.31 90 90 90 2038 
FER IZA 19.02 14.30 7.54 90 90 90 2051 
FER Relaxed 18.57 14.04 7.42 90 90 90 1935 
HEU IZA 17.52 17.64 7.40 90 116 90 2055 
HEU Relaxed 17.62 17.46 7.37 90 116 90 2036 
LTA IZA 11.92 11.92 11.92 90 90 90 1693 
LTA Relaxed 11.82 11.82 11.82 90 90 90 1650 
MFI IZA 20.09 19.74 13.14 90 90 90 5211 
MFI Relaxed 20.16 19.86 13.29 90 90 90 5324 
MTF IZA 9.63 30.39 7.25 90 90 90 2122 
MTF Relaxed 9.50 30.65 7.29 90 90 90 2124 
MWW IZA 14.39 14.39 25.20 90 90 120 4519 
MWW Relaxed 14.30 14.31 24.75 90 90 120 4385 
NSI IZA 14.13 5.25 8.93 90 105 90 639 
NSI Relaxed 13.92 5.05 8.65 90 105 90 587 
RWR IZA 7.81 7.81 27.35 90 90 90 1667 
RWR Relaxed 7.68 7.68 27.30 90 90 90 1610 
SOD IZA 8.97 8.97 8.97 90 90 90 721 
SOD Relaxed 8.74 8.74 8.74 90 90 90 667 
STI IZA 13.50 17.80 17.94 90 90 90 4313 
STI Relaxed 13.73 17.34 17.73 90 90 90 4221 
UTL IZA 29.00 13.97 12.45 90 105 90 4872 
UTL Relaxed 29.55 13.88 12.44 90 105 90 4931 
 
 Table A.2 shows that cell volume and dimensions are smaller in the cells relaxed 
with the ReaxFF force field relative to unrelaxed cells from the IZA database 5. The angles 
remain identical. The frameworks were chosen to represent those in Figure 8 as well as 



























 The step responsible for the generation of most surfaces is targeted removal, which 
attempts to converge upon all Q3 surface (hereby termed terminating surface) for each 
primary surface. It is therefore of interest to obtain a measure of the “effectiveness” of this 
algorithm at reaching its objective.  A study conducted on all examined Miller indices of 
MFI divided “effectiveness” into two criteria: the percentage of primary surfaces for which 
a terminating surface was found, and the average number of targeted removal steps needed 
to reach a terminating surface. The results of the two criteria are shown in the middle two 
columns in Table A.3. The first column is the Miller index of the LRUC, and the last 
column is the number of primary surfaces in that LRUC. Overall, at least one terminating 
LRUC        
(Miller Index) 






001 2.9 100 96 
010 1.2 100 87 
011 4.3 100 96 
012 5.9 76 192 
021 6.3 90 192 
100 1.4 100 93 
101 3.1 74 96 
102 3.4 99 192 
110 3.6 55 96 
111 7.7 30 96 
112 7.8 26 192 
120 5.0 75 192 
121 7.2 43 192 
122 8.2 16 192 
201 4.3 94 192 
210 4.3 87 188 
211 7.3 33 291 
212 8.6 21 192 
221 8.6 9 192 
All (Weighted 
Average) 




surface was found for each LRUC, and 60% of the surfaces terminated with an average of 
4.8 steps. Since the algorithm allowed for 9 steps, we assume it was robust enough to 
capture most surfaces of interest. 
A.2  Naming Surfaces 
 Slabs are named based on their upper and lower primary surfaces and number of 
removal steps needed to converge upon their upper and lower applied surfaces (surfaces 
obtained after Qm removal). Usually, identical applied surfaces are obtained by a different 
number of removal steps from different primary surfaces. Therefore, the primary surface 
that gave rise to the applied surface using the least number of removal steps is used to name 
the surface.  
For example, the slab “zz_EMTff-[1,0,2]-L-0.0949825_3-U-0.903703_3-ss-
39.6736472808” is an EMT framework slab from an LRUC with a (1,0,2) Miller index that 
has a lower applied surface that was obtained after 3 targeted corrections (indicated by 
‘_3’) from the lower primary surface formed by eliminating all Si underneath the Si at z = 
0.0949825 (fractional coordinate at c axis). While another primary surface may have led to 
this applied surface, 3 was the minimum number of removal steps needed.  
The upper applied surface was obtained after 3 targeted corrections (indicated by ‘_3’) 
from the upper primary surface formed by eliminating all Si above the Si at z = 0.0903703 
(fractional coordinate at c axis). The ‘ss’ indicates that the upper and lower surfaces come 
from the same surface symmetry family. The final number, 39.6736472808, is the height 





A.3  Broken Bond Tolerance 
The surface generation step produces many surfaces, of which only few will likely 
ever be synthesized. The objective of the elimination step is to reduce the size of the 
database while keeping the most promising surfaces. Surface energies (as discussed in 
Chapter 2) are a measure of the energetic favorability of the bulk relative to the surface, so 
they can be used as a measure of “promise”.  However, surface energies are not known a 
priori because they must be calculated after slab generation. Therefore, the broken bond 
count, which can be easily obtained in situ, was used as an estimate of surface energy. 
A question of interest is then how to establish broken bond tolerance used to screen 
the surfaces at each Miller index. A tolerance of 100% means that only surfaces with the 
minimum number of broken bonds (BBmin) are generated. A tolerance of 130%, the final 
value we settled on, means that surfaces within 130% of BBmin can be produced. To allow 
surface with more than BBmin, there must be evidence to prove that the surface with BBmin 
is not necessary the surface with the minimum surface energy (SEmin). Figure A.1 is 
generated from all 152,992 surfaces for which BBmin and SEmin for the group of surfaces in 
each Miller index were recorded during the relaxation of the slab termination pairs. It 
shows that in 56% of Miller indices, the SEmin came from a surface with BBmin, and in 
100% of Miller indices (by definition only) the SEmin came from a surface with a 130% 
tolerance of BBmin. Therefore, about 44% of Miller indices had an SEmin from a surface 
that did not have BBmin, so surfaces with more than BBmin of broken bonds are not 













A.4  Cell Symmetry 
The original (unrelaxed) MFI unit cell has two rows (Figure A.2) of Si atoms that are 
related to each other by a glide plane shift. The fractional coordinates are displayed in 
Table A.4. There are more symmetry relationships throughout the cell because the atom 
coordinates are generated by applying symmetry operations to an original asymmetric set 




Figure A.2. Two rows of Si that are symmetrically related in the MFI unit cell. 
 
Figure A.1. The % of Miller indices for which the surface 
with the minimum surface energy can be found within a 













A.5  Radial Distribution Function (RDF) 
An RDF is computed to sort surfaces related by symmetry operations into distinct 
families. The first step, obtaining the Si atoms with at least one broken bond, is illustrated 
in Figure A.3(a,b). The final RDF fingerprint is a histogram of interatomic distances with 
a bin-size of 0.5 Å and a cutoff of 8 Å. Each bin of the RDF contains the number of 
interatomic distances that fall within its boundaries. The RDF in Table A.5 is determined 
from the interatomic distances in Figure A.3(c).  For example, the 3 - 3.5 Å bin has a count 
of “2” because a pair of atoms is 3.1 Å apart, and a histogram will record that distance 
twice. Surfaces are grouped into the same surface symmetry family if every bin of the RDF 
is identical. 
 Table A.5 – RDF for Figure A.3(c) 
  Si Row 1  Si Row 2 
Si  x y z -x y + 0.5 -z 
1  0.0805 0.1726 0.1805 0.9195 0.6726 0.8195 
2  0.2267 0.1722 0.5402 0.7733 0.6722 0.4598 
3  0.3053 0.1712 0.2092 0.6947 0.6712 0.7908 
4  0.3815 0.1721 0.5183 0.6185 0.6721 0.4817 
5  0.5805 0.1762 0.3195 0.4195 0.6726 0.6805 
6  0.7267 0.1722 0.9598 0.2733 0.6722 0.0402 
7  0.8053 0.1712 0.2908 0.1947 0.6712 0.7092 
8  0.8815 0.1721 0.9817 0.1185 0.6721 0.0183 
RDF Bins 
(Å) 
0 - 0.5 0.5 - 1 1 - 1.5 1.5 - 2 2 - 2.5 2.5 - 3 3 - 3.5 3.5 - 4 
4 - 4.5 4.5 - 5 5 - 5.5 5.5 - 6 6 - 6.5 6.5 - 7 7 - 7.5 7.5 - 8 
RDF 
Fingerprint 
0 0 0 0 0 0 2 0 





Figure A.3. (a) The upper surface cell after many targeted removals is shown with 
tetrahedrally coordinated Si in blue and Si with broken bonds in red.  (b) Only atoms with 
at least 1 broken bond are used as input to the RDF to give the surface fingerprint. (c) A 
simple example of the interatomic distances used to generate the RDF. 
 
A.6  Discontinuity 
Figure 3 illustrates the formation of slabs of varying thickness from upper and lower 
surfaces. However, during slab generation, when upper and lower surfaces were very close, 
the resulting structure was a series of disconnected silica islands and not a nanosheet, as 
shown in Figure A.4(a,b).  This phenomena was not limited to one unit cell thick slabs. It 
was therefore of interest to check for discontinuities during slab formation to ensure that 
all slabs in the database were continuous. A simple algorithm was used to check if, starting 
from any atom A, any atom B could be reached by jumping from one neighboring Si to the 
other. First, each slab was expanded in the lamellar direction to form a 2*2*1 supercell as 




neighbors ( < 3.4 Å) were added to a list of connected atoms. Then, the neighbors’ 
neighbors were added, and so forth.  The adding algorithm ceased once all the atoms it 
could reach were already in the connected atoms list. Finally, the size of the list was 
compared to the number of Si in the 2*2*1 supercell to see if all had been added. The 
expansion at the beginning was to ensure the ability to detect structures that were connected 
within a unit cell but not connected to neighboring unit cells.  
 
Figure A.4. (a) An APD unit cell with dashed lines representing an upper (red) and 
lower (blue) surface from the same surface symmetry family. (b) The one unit cell thick 
slab formed from the surfaces in (a) is discontinuous. (c) A 2*2*1 supercell used to test for 
discontinuity. Each square represents a unit cell, and the grey areas represent silica regions. 
The silica regions are continuous onto themselves but are not bonded to neighboring silica 
regions. Legend: The arrow is normal to the (001) surface in (a) and (b). In (c), the surface 
normal is into the plane of the page. 
 
A.7  Assembly Step of Slab Termination Pair 
A question of interest during the formation of the slabs was how many LRUCs to add. 
Since the Si-Si maximum bond distance used was 3.4 Å, an attachment zone was defined 
3.4 Å above and below the combination/splitting boundary (dotted line in Figure A.5(b)).  
In this zone, all atoms were rigid to allow for assembly and disassembly without structural 




was declared the mobile zone and would subsequently be relaxed. If upon the initial 
combination of a slab, the mobile zone intruded into the attachment zone, extra LRUCs 
was added to each side (top and bottom) until there was no overlap between the attachment 
and mobile zones. Only then did relaxation commence. 
 
 
Figure A.5. (a) Upper and lower surface unit cells are combined with a number of 
LRUCs (b) The newly formed slab will be relaxed then split into a new pair of upper and 
lower surfaces across the boundary between the LRUCs from which it was formed (dotted 
line). 
 
A.8 Simulated Annealing 
Though the surfaces were relaxed with conjugate gradient descent, the relaxation 
method did not converge up on the lowest known local energy minima in all instances. An 




procedure prior to conjugate gradient descent. This single-step annealing method cooled 
the silanol groups from 300 K to 1 K within 10 ps. Although simulated annealing reached 
lower local minima in some instances as shown in Figure A.6, it was abandoned because 
it also caused the abstraction of H from silanol groups and/or the abstraction of OH groups 










Figure A.6. Relaxation that included simulated annealing found lower local energy minima 












A.9  LTA Surface Comparison 
Figure A.7. (a) The {111} LTA surface which gave the lowest energy in the simulations 
of  Gren et al.11 is represented in the current database (b). (c) The {100} LTA surface which 
gave the lowest energy in the simulations of  Gren et al.11 is represented in the current 
database (d). 
 
A.10  Software 
The software packages used to conduct the research in this chapter are as follows: 
 Pymatgen 4.4.0 was used to make LRUCs and Wulff Constructions 12. 
 Atomic Simulation Environment (ASE) 3.11.10 was used to read in and 
manipulate unit cells 13. 
 LAMMPS 11/17/2016 was used for structure and surface relaxation 14. 
 Conda Version 4.3.21 was used to simplify the creation of a python environment 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
B.1  Hill Sauer Implementation  
 Boulfelfel et al. modified the Hill Sauer force field for a better description of zeolite 
pore dimensions.1 They changed the equilibrium angle of the Si-O-Si and O-Si-O terms 
while keeping all other parameters constant.1 The Hill-Sauer FF uses LAMMPS’ Class 2 
angle terms with the format 
𝐸 = 𝐾2(𝜃 − 𝜃0)
2 + 𝐾3(𝜃 − 𝜃0)
3 + 𝐾4(𝜃 − 𝜃0)
4 + 𝑀(𝑟𝑖𝑗 − 𝑟1)(𝑟𝑗𝑘 − 𝑟2) + 
𝑁1(𝑟𝑖𝑗 − 𝑟1)(𝜃 − 𝜃0) + 𝑁2(𝑟𝑗𝑘 − 𝑟2)(𝜃 − 𝜃0)                                 (B.1) 
where i-j-k refer to the order of the three atoms, K, M, and N are energy scalars, 𝜃0 is the 
equilibrium angle, 𝜃 is the angle between the three atoms, 𝑟1 and 𝑟2 are the equilibrium 
bond distances between atoms i-j and j-k respectively, 𝑟𝑖𝑗 and 𝑟𝑗𝑘 are the bond distances 
between atoms i-j and j-k respectively.2 Boulfelfel et al. only changed the 𝜃0 terms for both 
angles and kept all other distance and scalar terms at their original values.1 The Boulfelfel 
et al. terms used in this study and the original terms are shown in Table B.1 for comparison. 
Table B.1 – Equilibrium Angle Comparisons 
 Si-O-Si O-Si-O 
𝜃0 – Original Hill-Sauer
3 173.7651 112.0200 
𝜃0 – Boulfefel et al.
4 150.0 113.0 
 
 There are other parameters in the Hill-Sauer force field that use the Si-O-Si and 
O-Si-O 𝜃0 such as dihedral and improper terms. However, Boulfelfel et al. kept the 
original Hill-Sauer  𝜃0 for the angle component of these terms, so we followed their 




B.2  DFT-derived Force Field Parametrization for CO2 and H2  
Fang et al. developed a first-principles-based force field for CO2 in siliceous 
zeolites that showed good transferability across different zeolite topologies.5 This approach 
used the fully periodic framework to represent the adsorbent structure and relies on 
electronic structure calculations for hundreds or thousands of adsorption configurations 
randomly scattered throughout the framework. This approach was later extended to 
develop parameters for CH4 in siliceous zeolites that can accurately predict both adsorption 
and diffusion properties.6 In those studies, the charges for CH4 and zeolite atoms were 
obtained from the density derived electrostatic and chemical (DDEC) method while the 
charges for CO2 were obtained from the EPM2 model.
7-10 In this chapter, we developed 
first-principles-based force fields for CO2 and H2 in bulk and nanosheet siliceous zeolites 
that use atomic charges from the Hill Sauer force field, since these charges are quite 
different than DDEC charges.11, 12 We used the EPM2 model for CO2…CO2 interactions; 
this model correctly captures the phase behavior of pure CO2.
10 H2…H2 interactions were 
treated as a three-point model used previously by Yang et al.13  
B.2.1  Generating Training Sets for Force Field Fitting 
The first step in force field fitting is the generation of a training set of atomic 
coordinates that adequately samples the potential energy surface. We generated one 
training set to describe adsorbate interactions with the bulk zeolite (Si, OSiOSi) using biased 
molecular dynamics (MD) and another training set to describe adsorbate interactions with 
the hydrogen of silanol groups (HOH) using Grand Canonical Monte Carlo (GCMC). The 




and diffusion properties because it generates adsorbate configurations in both pore and 
cage regions.6 
We generated bulk zeolite adsorbate coordinates using half the cage volume of 
Zeolite A (LTA) as shown in Figure B.1. We divided this volume into six bins with equal 
width (1 Å) parallel to the 8-ring plane. In each bin we performed a biased NVT molecular 
dynamics (MD) simulation for 200 ps after an equilibration period of 100 ps. Each 
simulation had one adsorbate and used a time step of 1 fs. Configurations were collected 
every 0.5 ps for a total of 2400 (400 from each bin). We used biased molecular dynamics 
to ensure that adsorbates remain inside their cage so that our configuration sample is 
representative. An unconstrained adsorbate will likely oversample the cage and 
undersample the transition state region. We confined each adsorbate near to its bin-defining 
plane with a harmonic spring constant of 15 kcal/mol using the COLVARS package14 from 
LAMMPS15. In all biased MD simulations, the adsorbent atoms were fixed and only the 
adsorbate was allowed to move. The force field we used for the initial simulation was 
















12                              (B.2) 
where 𝑅0
𝑖  and 𝑅0
𝑗
 are the Van der Waals radii of each atom.16 Grimme’s work lists 
parameters for 𝐶6 and 𝑅0
  for elements from H to Xe.16 The 𝐶6
𝑖𝑗






                                                           (B.3) 
where the superscripts refer to the element described by 𝐶6.
16 Solving equation B.1 gives 
𝜀𝑖𝑗 and 𝜎𝑖𝑗. The 𝜀𝑖𝑗 and 𝜎𝑖𝑗 terms are used to calculate the van der Waals energy in our MD 
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 To make training sets for CO2 and H2 interactions with the hydrogen of the surface 
hydroxyl group (HOH) on zeolite surfaces, we generated initial configurations using NVT 
Monte Carlo (N = 1, T = 300 K) on 9 Å CHA (101) nanosheets. We used the force field 
parameters derived from the bulk zeolites to define interactions with the Si, OSiOSi, and 
OSiOH atoms. The van der Waals (vdW) parameters for the oxygen atom of the hydroxyl 
group were assumed to be equivalent to those for framework oxygen atoms. The initial 
HOH parameters were obtained from Grimme’s empirical dispersion expression in the DFT-
D2 method.16 Based on the simulation snapshots, 800 configurations were randomly 
chosen as shown in Figure B.2.  
 
(b) (a) 
Figure B.1. Illustration of the training sets used to fit force field parameters for (a) 
CO2–framework and (b) H2–framework interactions based on a bulk siliceous 















B.2.2  Adsorbate Zeolite Interactions 
After the training sets above were generated, our next step was to compute PBE 
DFT adsorbate–adsorbent interaction energies defined as: 
 𝐸𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝐷𝐹𝑇 = 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒,𝑧𝑒𝑜𝑙𝑖𝑡𝑒 − (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − 𝐸𝑧𝑒𝑜𝑙𝑖𝑡𝑒)            (B.5)  
For each configuration, the total energy of the system (adsorbate + adsorbent) was 
calculated, then the energies of the empty adsorbent and isolated adsorbate were subtracted 
to obtain the corresponding interaction energy. All DFT single-point calculations were 
performed using VASP package17-20 version 5.4.4 in combination with projector 
augmented wave (PAW) pseudopotentials.21, 22 A plane-wave basis set energy cut-off equal 
to 520 eV was used. Gaussian electronic smearing with width equal to 0.2 eV was applied. 
A Blocked Davidson electronic minimization algorithm was used to calculate 
the electronic ground state, with convergence stopping criterion set to 10-4 eV. It has been 
shown that dispersion corrections are important for accurately describing interactions 
between adsorbate molecules and zeolites, and the DFT/CC (density functional 
theory/coupled cluster) method performs well for these system,5, 23 so the CC corrections 
(b) (a) 
Figure B.2: Illustration of the training sets used to fit force field parameters for (a) CO2–
hydroxyl and (b) H2–hydroxyl interactions based on a two-dimensional chabazite 






that were developed previously for adsorption of CO2 and H2 in zeolites were added to the 
PBE interaction energies.24, 25  
 The electrostatic part of the interaction energy was independently computed for 









in equation B.5.  








6                                 (B.6) 
To calculate bulk parameters, we fitted equation B.5 to 2400 configurations then used the 
bulk parameters in the next iteration of the biased NVT MD simulations. This procedure 
was performed for 3-6 iterations until the fitted force field parameters were converged (the 
changes of parameters are within ±3%). For nanosheets, we were unable to obtain complete 
convergence of the potential parameters (i.e. all parameter value’s Δ < 3%) after six 
iterations, so we chose to use the configurations from last three iterations to finalize force 
field parameters. The resulting force field (denoted CCFF) parameters for CO2 and H2 in 



































B.2.3  Force Field Analysis 









                                               (B.7) 
where 𝐸𝐹𝐹
𝑘  is the interaction energy calculated at the FF level for CH4 configuration 𝑘, 
𝐸𝐷𝐹𝑇/𝐶𝐶
𝑘  is the interaction energy calculated at the DFT/CC level, and 𝑛 is the number of 
Self Interaction Reference ϵ/kB (K) σ (Å) Charge (e) 
C_CO2 
10 28.129 2.757 0.6512 
O_CO2 
10 80.507 3.033 -0.3256 
H_H2 
26 NA NA 0.468 
c_H2 
26 36.7 2.96 -0.936 
C=O bond 1.149 (Å) 10    H-H bond 0.74 (Å) 26 
Hill-Sauer Charge     
Si 3   0.5236 
Oz (OSiOSi) 
3   -0.2618 
Oz (OSiOH) 
3   -0.195 
H (HOH) 
3   0.0641 
CO2 Cross Species     
C_CO2 – Oz This work 28.610 3.016  
O_CO2 – Oz This work 35.549 3.140  
C_CO2 – Si This work 60.747 3.560  
O_CO2 – Si This work 47.494 3.436  
C_CO2 – Hz This work 50.515 2.424  
O_CO2 – Hz This work 42.073 2.316  
H2 Cross Species     
c_H2 – Oz This work 31.726 2.971  
c_H2 – Si This work 47.376 3.446  
c_H2 – Hz This work 19.213 2.348  











                                                   (B.8) 
The RSD and MD can give an overall evaluation of the performance of the fitted FF in 
reproducing the ab initio data. 
            A comparison of the interaction energies predicted with CCFF and the 
corresponding energies at the DFT/CC level for CO2 and H2 in bulk Si-LTA and nanosheet 
CHA is shown in Figures B.3 and B.4. For CO2 in Si-LTA, the DFT/CC calculations of 
the last iteration span a range of adsorption energies, from -31 to 2 kJ/mol. The CCFF 
underestimates the most energetically favorable configurations by about 8 kJ/mol, and 
overestimates the least stable configurations by 11 kJ/mol. This imperfect fit is also 
observed as high RSD and MD values of 2.8 and -0.3 kJ/mol, respectively. A similar trend 
is seen with CO2 in nanosheet CHA. 
 For H2 in Si-LTA and OH-CHA-2D, the fitting results are better than those from 
CO2. The CCFF reproduces the DFT/CC interaction energies for both energetically 
favorable and unfavorable configurations, with and RSD and MD 0.4 and 0.04 kJ/mol for 
H2 in Si-LTA, and 0.7 and 0.02 kJ/mol for H2 in OH-CHA-2D. 
 In Fang et al.’s previous work, we obtained a better fit for CO2 interactions with Si-
CHA where the fitted force field describes both favorable and unfavorable configurations 
reasonably well.5, 23 This is probably due to the smaller charges of the Hill-Sauer force 
field, which has weaker Coulomb interactions that cannot be fully compensated by vdW 

































Figure B.3: Force field fitting results for CO2 in (a–c) Si-LTA and (d–f) OH-CHA-
2D: (a, d) Comparison of the interaction energies of CO2 in zeolite for CCFF and 
DFT/CC, (b, e) the difference in interaction energies (ECCFF –EDFT/CC) as a function 
EDFT/CC, and (c, f) ECCFF –EDFT/CC as a function of the nearest interatomic distance 
between the atoms of CO2 and zeolite. A total of 2400 CO2 configurations are 



























Figure B.4: Force field fitting results for H2 in (a–c) Si-LTA and (d–f) OH-CHA-2D: 
(a, d) Comparison of the interaction energies of H2 in zeolite for CCFF and DFT/CC, 
(b, e) the difference in interaction energies (ECCFF –EDFT/CC) as a function EDFT/CC, and 
(c, f) ECCFF –EDFT/CC as a function of the nearest interatomic distance between the atoms 
of H2 and zeolite. A total of 2400 H2 configurations are included for both bulk Si-LTA 




B.2.4  Force Field Validation   
We validated the CCFF listed above by comparing the simulated adsorption 
isotherms and heats of adsorption for CO2 in siliceous chabazite (Si-CHA) with available 
experimental data. The validation results are shown in Figures B.5. CCFF predicts 
adsorption isotherms well for CO2 in Si-CHA at 301 and 323 K compared to experimental 
data from Fang et al. and Pham et al.5, 27 The heats of adsorption predicted using CCFF 
agree reasonably well with the calorimetric data from Fang et al.5 and the results from 
Pham et al. that were obtained from the isotherm data using the Clausius-Clapeyron 
equation.27 The deviation is about 2–3 kJ/mol at all loadings. We note that it is not possible 
to validate our FF against equilibrium adsorption data for zeolitic nanosheets because no 
experimental data of this kind is available. 
 
Figure B.5: Comparison of simulated and experimental (a) adsorption isotherms and (b) 
isosteric heats of adsorption for CO2 in bulk Si-CHA. The experimental data are from 







B.3   Hydrocarbon Lennard-Jones Parameters 
 The hydrocarbon Lennard-Jones parameters for ethane, ethene, propane, and 
propene obtained from the TraPPE force field, and the zeolite Lennard-Jones parameters 
obtained from the TraPPE-zeo force field are listed in Table B.3.28-30 
Table B.3 – Hydrocarbon Lennard-Jones Parameters 
Self Interaction Reference ϵ/kB (K) σ (Å) Charge (e) 
CH3_sp3 
29 98.0 3.75 0 
CH2_sp3 
29 46.0 3.95 0 
CH2_sp2 
30 85.0 3.675 0 
CH_sp2 
30 47.0 3.73 0 
Si 28, 31 22 2.3 0.5236 
Oz (OSiOSi) 
28, 31 53 3.3 -0.2618 
Oz (OSiOH) 
31 53 3.3 -0.195 
Hz 31 NA NA 0.0641 
 
 We simulated hydrocarbons as flexible molecules using the parameters given by 





(𝑟 − 𝑟0)                      𝑢𝑎𝑛𝑔𝑙𝑒 =
𝑘2
2
(cos 𝜃 − cos 𝜃0)                    (B.9) 
where 𝑢𝑏𝑜𝑛𝑑 is the bond energy, 𝑘1 is an energy scalar, 𝑟 is the distance between both 
atoms, 𝑟0 is the equilibrium bond distance, 𝑢𝑎𝑛𝑔𝑙𝑒 is the angle bending energy, 𝑘2 is an 








Table B.4 – Hydrocarbon Flexibility Parameters32 
 Single Bond Double Bond Angle 
 𝑟0 (Å) 𝑘1/𝑘𝐵 (K/Å
2) 𝑟0 (Å) 𝑘1/𝑘𝐵 (K/Å
2) 𝜃0 (°) 𝑘2/𝑘𝐵 (K) 
Ethane 1.54 96,500 NA NA NA NA 
Ethene NA NA 1.33 96,500 NA NA 
Propane 1.54 96,500 NA NA 114 62,500 
Propene 1.54 96,500 1.33 96,500 119.7 70,400 
  
The CH4 self-interaction parameters from the TraPPE force field and the CH4 
zeolite interactions from the work of Fang et al. are listed in Table B.5.29, 33 








B.4   Slab Thermalization 
 Several NEMD studies have shown that it is critical to model the adsorption and 
desorption step in simulations of porous nanosheets accurately. Newsome and Sholl 
showed that a rigid zeolite framework increases surface resistance by repelling attempts at 
adsorption.34 Liu, Nicholson, and Bhatia showed that a temperature gradient develops due 
to the exothermic/endothermic heats of adsorption/desorption at opposite ends of the 
nanotube.35 As a result of the temperature gradient, their NEMD simulations resulted in 
slightly higher flux compared to the EMD case.35 
Self Interaction Reference ϵ/kB (K) σ (Å) Charge (e) 
CH4 
29 147.9 3.73 0 
CH4 Cross Species     
CH4 – Oz 
33 109.156 3.3815  
CH4 – Si 
33 0 0  




 In our simulations, we wanted to allow for local cooling and heating upon 
desorption and adsorption, so we modeled the edges of our zeolite nanosheets using an 
NVE thermostat. The interior of the nanosheet was modeled using an NVT thermostat to 
prevent energy drift. Figure B.6 shows an example of a 14 nm MFI (010) nanosheet with 








 We conducted several simulations to find an appropriate thickness of the NVT 
region. Ideally the region should be thick enough to maintain constant temperature, but no 
thicker, lest the thermostat interfere with adsorption and desorption kinetics. For each 
simulation, any zeolite atom not in the NVT region was included in the NVE regions. We 
ran EMD simulations of CO2 in a 14 nm MFI (010) slab at 2 bar and 300 K with a 1 fs time 
step for 1 ns. Our data was saved every 100 ps and we averaged over 15 independent 
simulations. To measure desorption, we counted the number of molecules that crossed the 




                                                                     (B.10) 
where 𝑗 is the flux out of the slab, 𝐴 is the surface area of the slab, and 𝐶 is the concentration 
of adsorbate in the slab.36   
Figure B.6. An MFI (010) 14 nm slab with a 4 nm NVT thermostat in the center 




 Figure B.7(a) shows the effect of the NVT region thickness on 𝑘𝑑𝑒𝑠, which 
increases from 0.2 to 0.5 nm, remains roughly constant from 0.5 to 8 nm, and increases 
thereafter. The initial increase can be explained by Figure B.7(b) which shows that a 0.2 
nm NVT thermostat region is unable to maintain constant temperature. The increase in 
𝑘𝑑𝑒𝑠 from 8 nm onwards is due to the NVT thermostat’s interference with the desorption 
process, where it likely replenishes the kinetic energy at the surface faster than it would be 
replenished via heat flux. We found that 0.5 nm was the thinnest NVT region that 
maintained a constant temperature, so a 0.5 nm NVT region was used in all slab 
simulations. We chose the thinnest region possible to ensure the ability to effectively 
















Figure B.7. Simulations of CO2 in a 14 nm MFI slab at 2 bar and 300 K. (a)  𝑘𝑑𝑒𝑠 
increases with the thickness of the NVT region. (b) The system temperature holds 
steady for NVT regions at least 0.5 nm thick, but not for the 0.2 nm region. The 





B.5   Convergence 
 To calculate accurate diffusivities, it is standard practice to simulate a trajectory 
that is long enough to capture the characteristic diffusion length, the distance from one 
transition state to another. In LTA, for example, this is defined as the distance between the 
centers of two neighboring cages (1.2 nm).33 Therefore, an LTA diffusion run that results 
in mean squared displacement (MSD) larger than 1.44 nm2 implies than on average each 
molecule has hopped to a neighboring cage and overcome the energy barrier to diffusion 
at least once.  
 In slab unit cells, we assume that diffusion is encumbered by resistance inside the 
zeolite as well as desorption from the surface. Therefore, we defined the characteristic 
diffusion length as the total length of the unit cell as that would entail movement from the 
center of one slab to the center of its nearest image. Figure B.8(a) displays an MSD plot 
averaged over 20 runs of ethene diffusion through a 2 nm MFI (010) unit cell at 250 K and 
1 molec/uc. Since the squared length of the unit cell is 36 nm2, and the MSD at 50 ns is 
1,648 nm2, each adsorbate on average jumped to a neighboring slab 45 times.  
 Although we use the MSD to tell if a run was sufficiently long, we use the center 
of mass squared displacement (CoM SD) to obtain a diffusivity. The CoM SD for the 
ethene diffusion simulations is shown in Figure B.8(b). The plot is not entirely linear, so 
a diffusivity derived from the slope will have a high standard deviation. Therefore, we 
break up the trajectories into non-overlapping time blocks, calculate the diffusivity using 




values.37 The average diffusivities and errors for the data in Figure B.8 is shown in Table 














 In order to use the diffusivity from the 1 ns time block, it is best to ensure that it is 
statistically equivalent to output from larger time blocks. Table B.6 shows that the 
diffusivity of the 1 ns time block is within the margin of error of the larger time blocks.37 
In addition, Figure B.8(c) shows that the slopes for various time blocks are overlapping. 
This data allows us to conclude that the 1 ns time block is sampling the same phenomena 
as larger time blocks. 
 There are some scenarios in which the diffusion mechanism observed at 1 ns is 
different than that observed at larger time intervals. Figure B.9 shows trajectories for 
propane diffusion through a 10 nm MFI (010) slab at 250 K and 1 molec/uc.  The CoM SD 
of different time blocks in Figure B.9(c) do not share the same slope. In this instance the 
Time block (ns) 50 10 5 1 
Dz,zeo (m
2/s E-10) 2.5 3.9 3.7 3.7 
sm (m
2/s E-10) 1.8 1.1 0.9 0.7 
Figure B.8. Trajectories for diffusion of ethene through 2 nm MFI at 250 K and 1 
molec/uc displaying (a) the MSD of the total run, (b) the CoM SD for the total run, 




1 ns time block is capturing only diffusion through the slab, whereas the 5 ns and 10 ns 
time blocks capture both diffusion through the slab and desorption onto a neighboring slab. 









B.6   Defining the Zeolite/Gas Interface 
 In the main text of Chapter 3, we describe using equation 3.4 to calculate an 
effective corrected diffusivity (Dz,zeo) across the zeolite nanosheet. Here, we describe how 
we define the boundary between the nanosheet and the gas layer. The adsorption profile 
for CO2 in MFI at high loading in Figure B.10(a) shows that molecules form adsorption 
layers at both ends of the nanosheet. This external layering does not occur in all cases, as 





Figure B.9. Trajectories for diffusion of propane through 10 nm MFI at 250 K and 1 
molec/uc displaying (a) the MSD of the total run, (b) the CoM SD for the total run, 















To test whether the Dz,zeo should be measured across a region that includes these 
adsorption layers, we calculated Dz,zeo for CO2 diffusion through a 2 nm MFI (010) unit 
cell using four different adsorption layer correction (𝐿𝑐𝑜𝑟) estimates. This correction was 














〉                      (3.4) 
𝑁𝑧𝑒𝑜+𝑐𝑜𝑟 is the sum of the molecules of gas in the zeolite proper (silanol H on one end to 
silanol H on the opposite end) and the molecules inside the adsorption layers of length 𝐿𝑐𝑜𝑟 
at each end.  
 Dutta and Bhatia tested two different values of 𝐿𝑐𝑜𝑟 (0 nm and total gas phase 
length) to distinguish internal and external resistance.38 The equations they used to 
calculate diffusivity tracked a molecule’s trajectory through a predetermined section of the 
nanosheet unit cell, as determined by 𝐿𝑐𝑜𝑟.
38 If the section ended at the surface of the 
Figure B.10. Density profiles in a 2.2 nm MFI (010) slab at 250 K for (a) CO2 and (b) 




zeolite, the resistance the molecule encountered was due to the zeolite media and 
desorption. If the section encompassed the entire unit cell, then the molecule also 
encountered resistance from adsorption and gas phase movement.38 Since our method to 
calculate surface resistance is functionally equivalent to theirs,35, 38 we used different values 
of 𝐿𝑐𝑜𝑟 to quantify the magnitude of different resistances. 
 Our objective was to calculate the surface resistance due to adsorption and 
desorption. Since these events take place within the adsorption layers, the most accurate 
𝐿𝑐𝑜𝑟 is one which captures the length of the adsorption layer(s) but no more. Figure B.11 
shows the surface resistances obtained for CO2 diffusion through a 2 nm MFI unit cell 
using various 𝐿𝑐𝑜𝑟. The “Tailored Manually” 𝐿𝑐𝑜𝑟 was obtained by visually estimating the 
size of the adsorption layer from adsorption profiles for each temperature and pressure 
condition and are listed in Table B.7. We view this result as the correct value of 𝐿𝑐𝑜𝑟, but 
it is impractical to estimate the value by hand for each simulation. Our aim below, 












Figure B.11. A comparison of CO2 surface resistance calculated using D0,eff 
measured across the length of the zeolite (without correction) or length of the 
zeolite and the adsorption layer (with correction) simulated at a loading of (a) 1 









Since the largest adsorption layers were ~1 nm in length, we first employed an 𝐿𝑐𝑜𝑟 
of length 1 nm. We also tested 𝐿𝑐𝑜𝑟 with lengths 0 nm and 2 nm. Figure B.11 shows that 
the 𝐿𝑐𝑜𝑟 value does not have a great effect on surface resistance when temperature and 
pressure are low, but it does have a greater effect when temperature and pressure are high. 
At high temperature and pressure, molecules spend a larger portion of time outside the 
nanosheet than they do at lower temperature and pressure, so larger 𝐿𝑐𝑜𝑟 measure larger 
gas phase resistances. Dutta and Bhatia found that gas phase resistance (adsorption and gas 
movement) only amounted to a maximum of 25% of total resistance.38 We examined a 
wider range of conditions and found that adsorption and gas phase resistance can account 
for up to 70% of the total surface resistance. 
  Motivated by the results above we developed a simple algorithm to automatically 
determine 𝐿𝑐𝑜𝑟. With this approach  𝐿𝑐𝑜𝑟 is defined to be the largest distance from the 
nanosheet surface at which the average density of the adsorbate is 10% larger than the 
average gas phase density. Comparisons between the automatically tailored approach and 
the manually tailored approach in Figure B.11 show similar results, so we used this 
algorithm in all calculations reported in Chapter 3. 
 
 
Temperature 250 K 300 K 400 K 500 K 
1 molec/uc  𝐿𝑐𝑜𝑟  (nm) 0.1 0.2 0.4 0.6 




B.7   Adsorbate Density in Nanosheets 
 Figure B.12 shows the propane density in an MFI (010) slab and an MFI (010) 
bulk structure. The average density in the bulk is 152 kg/m3 while the average density in 
the slab is 118 kg/m3, so the slab has 77% of the bulk density. The density profile in the 
bulk shows a repeat pattern of a large peak followed by two smaller peaks, with the large 
peaks occurring at the center of the MFI a and b channel intersections. The center of the 
MFI slab has such a channel intersection with an accompanying large peak. Though the 
surface surface on each side has half the volume of the full intersection, it has less than half 











Figure B.13 shows the CO2 density in an MFI (010) slab and an MFI (010) bulk 
structure. The average density in the bulk is 277 kg/m3 while the average density in the 





Figure B.12. The density profile of propane post equilibration at 0.5 bar and 
















B.8   Activation Energy 
 Figure B.14 shows an Arrhenius plot used to find the effective activation energies 
associated with the surface resistance in an MFI (010) nanosheet for the seven molecules 
we studied. For this analysis we set Rsurf equal to the surface resistance as defined in 
equation 3.6 rather than the surface resistance equivalent height as defined in equation 3.10 
(and used in throughout Chapter 3) to avoid including information from D0,bulk included in 
the latter term. Although some curvature can be seen in the data for propane and propene, 






Figure B.13. The density profile of CO2 post equilibration at 15 bar and 

















B.9   High Loading 
 The MFI surface resistances displayed in Figure 2 of the main text were calculated 
at a high and low loading scenario. For low loading, we used one molecule in the slab unit 
cell, and two molecules in the MFI 1×2×1 supercell. For high loading, we used the loadings 
shown in Table B.8. Some of the loadings in the bulk unit cell portion of the table have a 
½ molecule because the GCMC simulation sometimes populates the 1×2×1 supercell with 
an odd number of molecules but the numbers in Table B.8 were divided in half to 
correspond to one unit cell. The slab is equivalent to one unit cell of MFI so the simulation 




Figure B.14. (a) Arrhenius plots based on the surface resistance in 2 nm MFI 
(010) slabs at a loading of 1 molec/uc. (b) The Ea graphed against the Qads 




Table B.8 – High Loading at each Temperature 
 
 To determine the saturation loadings, we developed the isotherms shown in 















 Slab MFI (010) 
Loading (molec/uc) 
Temperature (K) H2 CH4 CO2 ethane ethene propane propene 
250 28 31 47 19 18 11 11 
300 22 22 36 25 23 12 12 
400 15 12 18 17 17 21 20 
500 12 8 11 11 10 12 12 
 
Bulk MFI (010) loading (molec/uc) 
250 10 16.5 22 16 16 12 12 
300 6.5 13 19 15 15 11.5 11.5 
400 3.5 6.5 12 11 10.5 10.5 10.5 
500 2 3 6 5.5 6 7 7.5 
Figure B.16. Ethane isotherms in bulk MFI. 





















We determined the saturation pressure by visually observing were the curve became 
approximately horizontal. The saturation pressures are shown in Table B.9. Though they 
were taken from the bulk isotherm, we used the same pressure to load both the bulk and 
slab unit cells. For species whose isotherm does not follow the standard shape, such as H2, 
we simply chose a high pressure from within the examined pressure range. Additionally, 
the saturation pressure from the ethane isotherm was used for ethene and the saturation 
pressure from the propane isotherm was used for propene. 
 
 




Table B.9 – Saturation Pressures 
 Pressure (bar) 
Temperature (K) H2 CH4 CO2 ethane ethene propane propene 
250 60 30 15 1 1 0.5 0.5 
300 60 30 30 20 20 3 3 
400 60 30 30 30 30 30 30 
500 60 30 30 30 30 30 30 
 
B.10   Ideal Selectivities 
 The ideal selectivities for H2/CO2, CH4/CO2, ethene/ethane, and propene/propane 
for MFI are shown in Figure B.18. For each case, the slab ideal selectivity is higher that 
the bulk ideal selectivity due to surface resistance having a larger effect on the molecule 
















Figure B.18. The slab ideal selectivity and bulk ideal selectivity for 
H2/CO2, CH4/CO2, ethene/ethane, and propene/propane in bulk MFI and 
































Figure B.19. The Dslab,MD  at 250 K and 1,689 Pa and the Dslab,NLR graphed 
against Qads in (a) CO2, (c) CH4, and (e) H2; graphed against Dbulk in (b) CO2, 










 The ISbulk and ISslab results in Figure B.20 show that for CO2/CH4, the ISslab 
increases with ISbulk while the opposite is true for CO2/H2. For CO2/H2 separation in the 
slab, surface resistance reduces CO2 diffusion and gives a preference to H2. For CO2/CH4 
separation in the 10 MR zeolite slabs, there is no clear trend against the bulk diffusivity. 
This lack of trend is likely because CH4 also has a surface resistance so it does not have 
















 𝑥1 𝑥2 𝑥3 R
2 
 Unitless (m2/s E-10)/(kJ/mol) m2/s E-10 Fit 
CO2 0.001787 -0.83051 18.746 0.813 
CH4 0.034845 -9.7439 180.24 0.462 
H2 0.1685 -58.956 694.07 0.983 
Figure B.20. Ideal selectivity of slab and bulk structures at 250 K and 1,689 Pa for 










B.12   Raw Data and Graph Data 
 Tables B.12.1 to B.12.9 display the raw diffusivity data from our calculations. They 
are not graphed in the main body of this chapter but form the foundation for the graphs 
therein. The loading in nanosheets is the average number of adsorbates in the zeolite phase 
throughout the simulation. Tables B.12.9 to B.12.30 are the numerical data directly 
















𝑥1 𝑥2 𝑥3 R
2 
 Unitless 1/(kJ/mol) 1/(kJ/mol)  
CO2/CH4 0.1532 -1.4462 1.8367 0.997 





Table B.12.1 – H2 Diffusion at High and Low Loadings 
 
Table B.12.2 – CH4 Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2.00 321 25 
 
0.95 28 2 
300 
 
2.00 349 27 
 
0.86 55 6 
400 
 
2.00 552 42 
 
0.69 156 22 
500 
 
2.00 647 52 
 
0.55 276 21 
250 
 
33.00 292 22 
 
22.21 115 10 
300 
 
26.00 317 23 
 
15.36 137 11 
400 
 
13.00 559 39 
 
7.44 226 20 
500 
 
6.00 720 57 
 






Bulk MFI (010) 
 



















2.00 1796 136 
 
8.54 1022 80 
300 
 
2.00 2055 154 
 
5.79 1283 100 
400 
 
2.00 1971 265 
 
3.11 1999 211 
500 
 
2.00 3381 277 
 
2.14 2216 206 
250 
 
20.00 1333 138 
 
0.37 926 87 
300 
 
13.00 2131 186 
 
0.30 1288 105 
400 
 
7.00 2691 251 
 
0.22 1676 121 
500 
 
4.00 2800 316 
 




Table B.12.3 – CO2 Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2.00 188 15 
 
0.99 7 1 
300 
 
2.00 225 18 
 
0.96 20 2 
400 
 
2.00 339 29 
 
0.84 80 6 
500 
 
2.00 434 32 
 
0.69 155 10 
250 
 
44.00 85 7 
 
39.75 38 3 
300 
 
38.00 160 13 
 
27.67 61 7 
400 
 
24.00 286 22 
 
12.80 111 8 
500 
 
12.00 421 29 
 
6.87 147 15 
 
 
Table B.12.4 – Ethene Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2 179 9 
 
0.99 4 0 
300 
 
2 247 12 
 
0.97 14 1 
400 
 
2 357 18 
 
0.85 68 4 
500 
 
2 391 22 
 
0.67 155 7 
250 
 
32 238 12 
 
16.34 42 2 
300 
 
30 259 14 
 
17.75 78 4 
400 
 
22 204 11 
 
11.48 112 6 
500 
 
13 326 17 
 








Table B.12.5 – Ethane Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2 163 10 
 
1.00 1 0 
300 
 
2 232 12 
 
0.98 9 1 
400 
 
2 336 17 
 
0.88 50 3 
500 
 
2 418 23 
 
0.71 115 6 
250 
 
32 210 14 
 
17.30 37 3 
300 
 
30 170 9 
 
19.11 60 4 
400 
 
22 138 7 
 
11.71 84 5 
500 
 
13 281 15 
 
6.74 122 6 
 
 
Table B.12.6 – Propene Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2 106 6 
 
1.00 0.3 0.1 
300 
 
2 159 8 
 
0.99 3.0 0.3 
400 
 
2 132 27 
 
0.94 26.6 3.4 
500 
 
2 259 28 
 
0.78 69.3 7.8 
250 
 
24 3 0 
 
10.79 8.0 0.4 
300 
 
23 26 3 
 
11.13 21.2 2.7 
400 
 
21 62 8 
 
13.41 44.9 4.5 
500 
 
15 161 17 
 








Table B.12.7 – Propane Diffusion at High and Low Loadings 
  
Bulk MFI (010) 
 



















2 86 6 
 
1.00 0.2 0.1 
300 
 
2 159 9 
 
1.00 1.9 0.3 
400 
 
2 130 37 
 
0.95 19.1 2.1 
500 
 
2 230 21 
 
0.79 55.6 5.4 
250 
 
24 1 0 
 
10.81 7.4 0.4 
300 
 
23 23 2 
 
11.15 17.7 2.2 
400 
 
21 71 8 
 
13.85 45.2 5.1 
500 
 
14 143 15 
 
7.50 74.3 7.7 
 
 






















H2 3.86 1470 72 
CH4 4.96 96 5 
CO2 4.99 41 2 
Ethane 5.00 6 1 





Table B.12.9 – Surface Resistance in 2 nm MFI at 1 molec/uc (Figure 3.2(a)) 
 
 









 Surface Resistance (nm) 
Temperature (K) H2 CH4 CO2 Ethene Ethane Propene Propane 
250 4.2 22.4 57.3 103.4 235.2 827.3 1537.1 
300 3.3 12.6 20.9 34.5 56.3 114.4 183.7 
400 4.7 6.3 7.3 9.6 12.9 8.2 12.1 
500 4.3 2.9 4.1 3.5 5.7 6.3 7.1  
Surface Resistance Error (nm) 
250 0.8 2.8 8.4 7.7 23.6 286.7 551.1 
300 0.6 2.0 3.0 3.0 5.1 14.2 29.4 
400 1.1 1.4 1.1 0.9 1.1 2.5 4.4 
500 0.8 0.6 0.6 0.4 0.6 1.3 1.2 
 Surface Resistance (nm) 
Temperature (K) H2 CH4 CO2 Ethene Ethane Propene Propane 
250 0.7 3.4 2.7 10.2 10.3 -1.4 -1.8 
300 1.4 2.9 3.5 5.1 4.0 0.5 0.7 
400 0.8 3.2 3.4 1.8 1.4 0.9 1.2 
500 0.6 3.6 4.1 2.6 2.8 1.5 2.0  
Surface Resistance Error (nm) 
250 0.4 0.6 0.6 0.9 1.3 0.1 0.1 
300 0.4 0.6 0.8 0.5 0.5 0.4 0.5 
400 0.4 0.6 0.6 0.3 0.3 0.5 0.5 



























 Surface Resistance (nm) 
Temperature (K) H2 CH4 CO2 Ethene Ethane Propene Propane 
250 0.7 3.4 2.7 10.2 10.3 -1.4 -1.8  
Surface Resistance Error (nm) 
250 0.4 0.6 0.6 0.9 1.3 0.1 0.1 
 Qads (kJ/mol) 
 7.6 16.3 21.8 23.2 26.0 31.2 33.7 
 
Ethane/Ethene - Bulk  Ethane/Ethene - Slab 
Temperature (K) IS Error  IS Error 
250 1.1 0.1  2.7 0.6 
300 1.1 0.1  1.6 0.2 
400 1.0 0.1  1.3 0.1 
500 0.9 0.1  1.2 0.1 
 
Ethane/Ethene - Bulk  Ethane/Ethene - Slab 
Temperature (K) IS Error  IS Error 
250 1.1 0.1  0.9 0.1 
300 1.5 0.1  1.2 0.1 
400 1.4 0.1  1.3 0.1 
500 1.1 0.1  1.1 0.1 
 
Propane/Propene - Bulk  Propene/Propane - Slab 
Temperature (K) IS Error  IS Error 
250 1.2 0.1  2.3 1.1 
300 1.0 0.1  1.6 0.3 
400 1.0 0.4  1.4 0.2 


































Propane/Propene - Bulk  Propene/Propane - Slab 
Temperature (K) IS Error  IS Error 
250 2.1 0.5  1.1 0.1 
300 1.1 0.1  1.2 0.2 
400 0.9 0.1  1.0 0.1 
500 1.3 0.1  1.3 0.2 
 
H2/CO2 - Bulk  H2/CO2 - Slab 
Temperature (K) IS Error  IS Error 
250 0.052 0.006  0.851 0.126 
300 0.138 0.015  1.140 0.149 
400 0.330 0.052  1.492 0.156 
500 0.974 0.108  1.861 0.206 
 
CH4/CO2 - Bulk  CH4/CO2 - Slab 
Temperature (K) IS Error  IS Error 
250 2.1 0.5  1.1 0.1 
300 1.1 0.1  1.2 0.2 
400 0.9 0.1  1.0 0.1 
































 Surface Resistance (nm) 
Slab Height (nm) H2 CH4 CO2 
1 1.1 5.0 6.9 
2 1.9 9.1 12.1 
4 1.3 8.9 16.8 
10 1.2 8.2 16.1 
14 1.6 10.6 17.3 
 Surface Resistance  Error (nm) 
1 0.2 0.7 0.6 
2 0.4 2.0 1.3 
4 0.4 1.6 1.4 
10 0.8 2.3 1.8 
14 1.1 2.9 2.1 
 Surface Resistance (nm) 
Slab Height (nm) H2 CH4 CO2 
1 0.6 3.6 3.7 
2 0.3 3.6 6.0 
4 0.7 4.3 6.3 
10 0.0 6.0 6.8 
14 1.6 3.1 6.3 
 Surface Resistance  Error (nm) 
1 0.2 0.4 0.4 
2 0.3 0.6 0.8 
4 0.3 0.8 0.9 
10 0.7 1.5 1.5 
































 Surface Resistance (nm) 
Slab Height (nm) H2 CH4 CO2 
1 0.9 3.7 3.6 
2 1.7 4.1 4.4 
4 1.8 5.0 2.8 
10 1.3 4.9 3.7 
14 0.3 2.3 2.7 
 Surface Resistance  Error (nm) 
1 0.2 0.4 0.3 
2 0.5 0.6 0.5 
4 0.5 0.8 0.5 
10 0.9 1.4 0.9 
14 1.1 1.5 1.1 
 Surface Resistance (nm) 
Slab Height (nm) H2 CH4 CO2 
1 1.1 3.5 3.2 
2 1.5 4.0 3.9 
4 1.6 4.3 3.3 
10 2.6 4.8 3.8 
14 2.7 4.6 4.6 
 Surface Resistance  Error (nm) 
1 0.2 0.4 0.4 
2 0.3 0.6 0.5 
4 0.5 0.8 0.6 
10 1.1 1.4 1.1 

































 Surface Resistance (nm) 
Slab Height (nm) H2 CH4 CO2 Ethane Propane 
2 2 23 58 265 1181 
10 2 24 37 256 1780  
Surface Resistance Error (nm) 
2 1 3 8 56 554 
10 1 3 5 65 549 
 Surface Resistance (nm) 
Framework H2 CH4 CO2 
LTA 1.1 -0.3 5.4 
CHA 1.1 0.4 10.1 
AFI 4.6 18.6 41.5 
MFI 4.2 22.4 57.3 
AEL 6.9 26.4 189.4 
ATO 11.1 105.3 425.8 
 Surface Resistance  Error (nm) 
LTA 0.4 0.3 0.9 
CHA 0.3 0.8 1.5 
AFI 1.2 4.4 6.8 
MFI 0.8 2.8 8.4 
AEL 1.0 3.7 28.5 









































MFI 188 7 21.9 4 
AEL 474 6 23.3 1 
ATO 1015 6 21.7 13 
AFI 661 34 17.2 28 
LTA 60 19 17.4 22 
CHA 39 6 20.1 10 
 Errors  
MFI 15 1 0.1  
AEL 36 1 0.3  
ATO 76 1 0.1  
AFI 65 4 0.1  
LTA 4 2 0.1  









MFI 321 29 17.4 22 
AEL 462 37 18.7 15 
ATO 2152 54 17.2 87 
AFI 1142 123 15.2 72 
LTA 5 6 15.2 32 
CHA 1 1 16.3 21 
 Errors  
MFI 25 2 0.6  
AEL 40 4 0.4  
ATO 167 9 0.3  
AFI 163 19 0.4  
LTA 0.5 0.6 0.3  









































MFI 1796 617 7.6 550 
AEL 3397 845 8.0 794 
ATO 7068 1390 7.6 1436 
AFI 3134 1025 3.8 1001 
LTA 534 368 6.3 410 
CHA 453 290 7.2 345 
 Errors  
MFI 136 58 0.6  
AEL 260 70 0.4  
ATO 436 170 0.3  
AFI 306 146 0.4  
LTA 38 25 0.3  









MFI 1.8 1.0 1.2 1.3 
AEL 1.3 2.0 1.0 0.7 
ATO 0.8 0.8 0.5 0.8 
AFI 1.4 3.5 0.9 0.9 
LTA 15.9 13.4 1.7 1.4 
CHA 75.9 76.2 1.3 1.5 
 Errors 
MFI 0.3  0.2  
AEL 0.2  0.1  
ATO 0.2  0.1  
AFI 0.3  0.2  
LTA 2.1  0.2  




B.13   Software 
-Vienna Ab Initio Simulation Package (VASP 5.4.4):39 used for generating DFT energies 
for CO2 and H2 force field fitting. 
-Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) version 
08/22/2018:40, 41 used for all equilibrium molecular dynamics simulations. 
-RASPA 2014 (Version 2.0):42 used for GCMC simulations to generate isotherms and load 
unit cells. 
-Pymatgen 4.4.043 and Atomic Simulation Environment (ASE) 3.11.10:44 used to read unit 
cells into our python file that generated the Hill Sauer data file. 
-2D nanosheet database:45 nanosheets used in the study were downloaded from the Knio et 
al. database.  
-Matlab R2016b (9.1.0.441655), September 7, 2016:46 the fitnlm() function was used to 
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 
C.1 Nanotubes used in XRD Patterns  
 All unit cells are constructed such that the cell wall is 5 nm away from the nanotube 


















C.2 Nanotubes from Various Frameworks 
 Nanotubes from the TON and ITH frameworks are shown in Figure C.2. Some of 














Figure C.2. (a) A TON–(1.5, 13.8, 2.78, b, a, c) nanotube.  




 Two nanotubes made from BEA (100) nanosheets are shown in Figure C.3. They 
















Figure C.3. (a) A BEA–(1.2, 15.6, 4.0, a, c, b) nanotube.  




C.3 Unit Cells for NT-3 and NT-4 
Table - C.1 NT-3 Unit Cell 
 a (Å) b (Å) c (Å) alpha (°) beta (°) gamma (°)  
 154.647 13.2375 154.579 90 90 90  
        
Atom x  (Å) y  (Å) z  (Å) Atom  x  (Å) y  (Å) z  (Å) 
O 99.97 2.64 78.31 O 54.68 2.64 76.27 
O 93.42 0.90 91.90 O 61.22 0.90 62.68 
O 91.90 9.12 93.39 O 62.75 9.12 61.19 
O 92.65 3.17 92.65 O 62.00 3.17 61.93 
O 94.25 11.96 93.09 O 60.40 11.97 61.49 
O 91.81 12.74 93.31 O 62.83 12.74 61.27 
O 91.65 12.05 95.78 O 63.00 12.05 58.80 
O 90.63 1.01 95.05 O 64.01 1.01 59.53 
O 91.04 3.45 94.60 O 63.61 3.45 59.98 
O 93.15 4.94 94.44 O 61.50 4.95 60.14 
O 92.37 9.66 95.84 O 62.28 9.65 58.73 
O 93.51 11.36 97.30 O 61.18 11.35 57.23 
O 93.26 7.45 94.82 O 61.38 7.46 59.76 
O 94.25 9.70 94.15 O 60.40 9.70 60.43 
O 94.59 5.89 96.31 O 60.05 5.89 58.28 
O 95.26 6.23 93.89 O 59.38 6.23 60.69 
O 96.29 11.16 94.38 O 58.34 11.15 60.22 
O 91.30 5.29 92.76 O 63.35 5.29 61.82 
O 89.57 11.98 94.34 O 65.08 11.98 60.25 
O 89.46 9.82 93.05 O 65.19 9.82 61.53 
O 87.97 11.75 92.41 O 66.68 11.75 62.17 
O 90.45 7.61 92.01 O 64.19 7.62 62.57 
O 91.95 2.32 90.39 O 62.69 2.33 64.19 
O 91.21 9.84 91.09 O 63.43 9.84 63.49 
O 89.80 5.44 90.73 O 64.85 5.44 63.85 
O 92.18 6.35 90.63 O 62.47 6.35 63.95 
O 95.54 2.46 77.17 O 59.11 2.46 77.41 
O 88.88 2.37 93.97 O 65.76 2.37 60.62 
O 90.99 11.60 89.27 O 63.66 11.60 65.30 
O 90.49 0.84 88.88 O 64.16 0.84 65.70 
O 89.69 3.16 89.61 O 64.96 3.16 64.96 




O 88.75 12.54 90.05 O 65.90 12.54 64.53 
O 86.32 12.94 90.83 O 68.33 12.94 63.75 
O 88.21 0.98 91.90 O 66.44 0.98 62.69 
O 88.42 3.53 91.69 O 66.23 3.53 62.89 
O 87.64 4.68 89.58 O 67.01 4.68 65.01 
O 92.70 11.83 91.11 O 61.95 11.83 63.47 
O 96.43 3.99 89.50 O 58.22 3.99 65.08 
O 94.37 3.10 90.82 O 60.28 3.10 63.76 
O 95.83 5.06 91.68 O 58.82 5.06 62.91 
O 98.98 7.80 86.14 O 55.67 7.80 68.43 
O 97.73 5.61 86.02 O 56.92 5.61 68.56 
O 97.86 3.16 85.43 O 56.79 3.16 69.15 
O 95.34 9.11 89.79 O 59.31 9.11 64.80 
O 97.63 9.09 90.79 O 57.01 9.09 63.79 
O 99.63 10.20 85.83 O 55.01 10.20 68.74 
O 101.34 8.50 86.57 O 53.30 8.49 68.01 
O 97.66 6.17 92.97 O 56.99 6.15 61.60 
O 95.88 7.60 91.78 O 58.76 7.60 62.81 
O 95.74 10.09 92.14 O 58.92 10.09 62.44 
O 96.45 7.88 85.93 O 58.20 7.88 68.65 
O 94.73 9.29 87.26 O 59.92 9.29 67.32 
O 95.72 10.03 84.87 O 58.93 10.03 69.71 
O 94.11 8.10 85.07 O 60.54 8.10 69.52 
O 92.26 5.54 88.23 O 62.39 5.53 66.35 
O 93.55 7.66 88.83 O 61.10 7.66 65.75 
O 93.06 10.06 89.23 O 61.58 10.06 65.35 
O 95.67 4.25 85.95 O 58.98 4.25 68.62 
O 93.16 4.16 86.29 O 61.49 4.16 68.30 
O 91.49 3.09 87.97 O 63.15 3.09 66.61 
O 90.77 5.00 86.27 O 63.87 5.00 68.31 
O 91.89 6.93 84.52 O 62.76 6.92 70.06 
O 94.05 5.64 84.50 O 60.59 5.64 70.09 
O 94.13 3.09 84.22 O 60.51 3.09 70.36 
O 94.33 5.36 89.68 O 60.32 5.36 64.91 
O 98.85 3.52 80.48 O 55.79 3.51 74.09 
O 100.55 1.56 80.49 O 54.10 1.56 74.09 
O 97.16 1.33 83.70 O 57.49 1.33 70.87 
O 98.57 5.72 81.89 O 56.07 5.72 72.68 
O 98.00 10.73 83.95 O 56.65 10.73 70.63 
O 98.28 3.45 82.94 O 56.36 3.44 71.64 




O 97.89 7.12 83.92 O 56.76 7.11 70.66 
O 101.67 10.77 78.83 O 52.98 10.77 75.75 
O 99.17 10.75 79.11 O 55.47 10.75 75.48 
O 99.61 1.67 84.23 O 55.04 1.67 70.34 
O 99.90 12.40 84.50 O 54.75 12.40 70.08 
O 100.41 10.15 83.42 O 54.23 10.15 71.15 
O 101.79 0.72 85.12 O 52.86 0.72 69.46 
O 101.16 0.40 82.70 O 53.49 0.40 71.88 
O 102.78 0.46 80.71 O 51.87 0.46 73.86 
O 100.64 12.26 80.56 O 54.00 12.26 74.02 
O 100.69 9.77 80.94 O 53.95 9.77 73.63 
O 102.30 8.70 82.59 O 52.35 8.70 71.99 
O 97.38 10.57 77.22 O 57.27 10.57 77.35 
O 96.06 12.24 83.47 O 58.59 12.24 71.11 
O 96.55 4.29 81.32 O 58.10 4.29 73.26 
O 96.25 10.02 82.30 O 58.40 10.02 72.28 
O 94.85 1.18 82.69 O 59.80 1.18 71.89 
O 96.86 0.27 81.42 O 57.79 0.27 73.16 
O 95.74 1.09 79.30 O 58.91 1.08 75.28 
O 97.15 12.20 79.17 O 57.50 12.20 75.41 
O 96.93 9.79 79.76 O 57.72 9.79 74.82 
O 95.15 8.26 80.84 O 59.50 8.26 73.74 
O 94.94 3.53 79.46 O 59.70 3.53 75.12 
O 93.47 1.62 78.34 O 61.18 1.62 76.24 
O 94.52 5.78 80.75 O 60.12 5.78 73.83 
O 94.20 3.46 81.78 O 60.45 3.46 72.80 
O 92.83 7.62 80.15 O 61.82 7.62 74.43 
O 93.61 7.31 82.63 O 61.04 7.31 71.95 
O 92.40 1.94 82.77 O 62.25 1.94 71.81 
O 98.25 1.26 79.51 O 56.40 1.26 75.06 
O 97.55 8.02 81.57 O 57.10 8.02 73.01 
Si 94.07 6.12 94.88 Si 60.57 6.13 59.71 
Si 95.15 10.74 93.43 Si 59.49 10.74 61.15 
Si 93.13 2.36 91.42 Si 61.52 2.36 63.16 
Si 93.06 12.69 92.36 Si 61.59 12.69 62.22 
Si 90.91 12.76 94.60 Si 63.74 12.76 59.99 
Si 89.98 2.41 95.04 Si 64.67 2.41 59.54 
Si 92.02 4.21 93.64 Si 62.63 4.21 60.94 
Si 92.11 10.91 96.72 Si 62.57 10.90 57.85 
Si 92.94 8.96 94.55 Si 61.71 8.96 60.02 




Si 88.57 10.98 93.63 Si 66.07 10.98 60.95 
Si 90.70 9.11 92.39 Si 63.94 9.12 62.19 
Si 90.91 6.19 91.54 Si 63.73 6.19 63.04 
Si 92.02 10.80 90.15 Si 62.63 10.81 64.43 
Si 90.93 2.30 89.21 Si 63.72 2.30 65.37 
Si 89.87 12.65 88.96 Si 64.78 12.65 65.61 
Si 87.84 12.83 91.29 Si 66.81 12.83 63.30 
Si 88.05 2.35 92.65 Si 66.59 2.35 61.93 
Si 96.14 8.98 91.12 Si 58.51 8.98 63.46 
Si 95.25 4.34 90.42 Si 59.40 4.34 64.17 
Si 97.75 7.09 85.49 Si 56.90 7.09 69.09 
Si 97.16 4.21 86.34 Si 57.49 4.21 68.24 
Si 99.83 8.96 86.74 Si 54.82 8.95 67.84 
Si 96.11 6.29 92.59 Si 58.53 6.29 61.99 
Si 94.30 4.27 85.23 Si 60.35 4.27 69.35 
Si 95.24 8.87 85.82 Si 59.41 8.87 68.76 
Si 93.09 6.26 89.35 Si 61.56 6.26 65.23 
Si 94.18 9.08 88.73 Si 60.46 9.08 65.85 
Si 91.91 4.40 87.20 Si 62.73 4.40 67.38 
Si 93.43 7.03 84.16 Si 61.22 7.03 70.43 
Si 99.41 2.28 79.70 Si 55.23 2.28 74.88 
Si 98.08 4.26 81.62 Si 56.57 4.26 72.95 
Si 98.49 7.17 82.48 Si 56.16 7.17 72.10 
Si 98.23 2.41 84.10 Si 56.42 2.41 70.47 
Si 99.48 10.90 84.43 Si 55.17 10.89 70.14 
Si 100.62 0.49 84.14 Si 54.03 0.49 70.43 
Si 101.25 0.33 81.15 Si 53.40 0.33 73.43 
Si 100.53 10.88 79.86 Si 54.11 10.88 74.72 
Si 100.84 9.12 82.35 Si 53.81 9.11 72.23 
Si 94.03 7.21 81.13 Si 60.62 7.21 73.45 
Si 93.87 2.38 82.86 Si 60.78 2.38 71.72 
Si 96.46 10.74 83.68 Si 58.18 10.74 70.90 
Si 96.22 0.43 82.84 Si 58.43 0.43 71.74 
Si 97.01 0.36 79.86 Si 57.63 0.36 74.72 
Si 97.65 10.78 78.77 Si 57.00 10.78 75.81 
Si 96.48 9.05 81.08 Si 58.17 9.05 73.50 
Si 94.92 2.22 78.58 Si 59.72 2.22 76.00 
Si 95.07 4.32 80.82 Si 59.58 4.32 73.76 
H 94.06 11.95 96.75 H 60.66 12.01 57.73 
H 94.89 5.75 97.19 H 59.74 5.76 57.40 




H 89.90 11.60 87.07 H 64.74 11.61 67.51 
H 85.84 0.48 91.20 H 68.81 0.48 63.38 
H 86.77 4.94 89.31 H 67.87 4.92 65.29 
H 101.54 7.87 85.85 H 53.11 7.86 68.73 
H 98.07 5.39 92.57 H 56.58 5.36 61.99 
H 90.13 5.57 86.74 H 64.52 5.57 67.84 
H 91.65 6.15 85.08 H 62.99 6.14 69.50 
H 102.49 0.87 85.73 H 52.15 0.85 68.85 
H 102.94 1.23 80.15 H 51.70 1.25 74.41 
H 103.22 8.49 82.56 H 51.43 8.49 72.02 
H 93.14 1.05 79.07 H 61.51 1.05 75.51 
H 93.11 8.24 79.47 H 61.54 8.25 75.11 
H 91.51 1.68 82.96 H 63.14 1.70 71.61 
O 87.76 2.63 97.41 O 66.88 2.63 57.17 
O 72.72 0.90 98.53 O 81.93 0.90 56.05 
O 70.67 9.12 97.96 O 83.98 9.12 56.62 
O 71.68 3.17 98.24 O 82.97 3.17 56.34 
O 72.11 11.96 99.84 O 82.54 11.97 54.74 
O 70.69 12.74 97.85 O 83.96 12.74 56.73 
O 68.47 12.05 98.95 O 86.18 12.06 55.64 
O 68.60 1.01 97.70 O 86.05 1.01 56.89 
O 69.19 3.46 97.82 O 85.46 3.46 56.76 
O 70.39 4.95 99.57 O 84.26 4.95 55.01 
O 68.78 9.65 99.59 O 85.87 9.66 54.99 
O 68.06 11.36 101.31 O 86.56 11.37 53.27 
O 70.11 7.45 99.86 O 84.54 7.46 54.72 
O 71.19 9.70 100.37 O 83.46 9.70 54.21 
O 69.50 5.89 101.75 O 85.15 5.89 52.83 
O 71.92 6.23 101.12 O 82.73 6.23 53.46 
O 72.02 11.16 102.26 O 82.64 11.16 52.33 
O 70.91 5.29 97.12 O 83.74 5.29 57.46 
O 68.68 11.98 96.41 O 85.97 11.98 58.17 
O 69.74 9.82 95.68 O 84.90 9.82 58.90 
O 69.55 11.75 94.07 O 85.10 11.75 60.52 
O 71.14 7.62 96.02 O 83.51 7.61 58.57 
O 73.29 2.32 96.50 O 81.35 2.33 58.07 
O 72.32 9.84 96.21 O 82.33 9.84 58.37 
O 71.92 5.44 94.81 O 82.72 5.44 59.77 
O 73.20 6.35 96.82 O 81.45 6.35 57.76 
O 86.54 2.46 93.00 O 68.11 2.47 61.58 




O 73.78 11.60 95.11 O 80.87 11.60 59.47 
O 73.87 0.84 94.48 O 80.78 0.84 60.10 
O 72.83 3.16 94.16 O 81.82 3.16 60.42 
O 74.46 12.23 92.79 O 80.19 12.24 61.79 
O 71.98 12.54 93.57 O 82.66 12.55 61.02 
O 70.09 12.94 91.85 O 84.56 12.94 62.73 
O 70.12 0.98 94.02 O 84.53 0.98 60.56 
O 70.40 3.53 94.09 O 84.25 3.53 60.48 
O 71.84 4.68 92.36 O 82.81 4.68 62.22 
O 73.04 11.83 97.51 O 81.60 11.83 57.07 
O 76.31 3.99 99.93 O 78.34 3.99 54.65 
O 74.13 3.10 98.81 O 80.52 3.10 55.77 
O 74.12 5.06 100.50 O 80.53 5.06 54.08 
O 80.49 7.80 100.47 O 74.16 7.80 54.11 
O 79.97 5.61 99.32 O 74.68 5.61 55.25 
O 80.54 3.16 99.14 O 74.11 3.16 55.44 
O 75.51 9.11 99.13 O 79.14 9.12 55.45 
O 75.79 9.09 101.62 O 78.86 9.09 52.96 
O 81.08 10.20 100.87 O 73.57 10.20 53.70 
O 81.32 8.50 102.72 O 73.36 8.50 51.85 
O 73.91 6.15 102.74 O 80.74 6.16 51.84 
O 74.06 7.60 100.60 O 80.59 7.60 53.98 
O 73.67 10.09 100.65 O 80.98 10.09 53.93 
O 79.40 7.87 98.17 O 75.25 7.88 56.41 
O 77.39 9.29 97.34 O 77.26 9.29 57.24 
O 79.95 10.03 97.00 O 74.70 10.03 57.57 
O 78.98 8.10 95.71 O 75.67 8.10 58.87 
O 75.31 5.53 95.69 O 79.33 5.54 58.89 
O 75.44 7.66 97.10 O 79.21 7.66 57.47 
O 74.85 10.06 96.88 O 79.79 10.07 57.70 
O 79.00 4.25 97.51 O 75.65 4.25 57.07 
O 77.45 4.15 95.50 O 77.20 4.16 59.08 
O 75.15 3.09 94.90 O 79.49 3.09 59.68 
O 76.27 5.00 93.42 O 78.38 5.01 61.16 
O 78.34 6.92 93.52 O 76.31 6.92 61.06 
O 79.45 5.63 95.38 O 75.20 5.63 59.20 
O 79.73 3.09 95.30 O 74.92 3.09 59.27 
O 75.10 5.36 98.20 O 79.55 5.36 56.38 
O 85.32 3.51 97.53 O 69.33 3.51 57.05 
O 86.15 1.56 99.00 O 68.49 1.56 55.59 




O 83.96 5.72 97.99 O 70.69 5.72 56.59 
O 81.89 10.73 98.52 O 72.75 10.73 56.06 
O 82.91 3.44 98.25 O 71.73 3.44 56.32 
O 84.08 7.89 99.43 O 70.57 7.89 55.15 
O 81.86 7.11 98.41 O 72.79 7.11 56.17 
O 88.16 10.77 99.13 O 66.49 10.77 55.45 
O 86.67 10.74 97.11 O 67.97 10.74 57.47 
O 82.45 1.67 100.05 O 72.20 1.67 54.53 
O 82.36 12.40 100.44 O 72.29 12.40 54.14 
O 83.55 10.15 100.35 O 71.09 10.15 54.23 
O 82.76 0.72 102.38 O 71.87 0.72 52.19 
O 84.56 0.39 100.63 O 70.09 0.39 53.95 
O 87.09 0.46 101.04 O 67.56 0.45 53.54 
O 86.15 12.26 99.11 O 68.50 12.26 55.47 
O 85.84 9.76 99.35 O 68.81 9.76 55.23 
O 85.21 8.70 101.56 O 69.43 8.70 53.02 
O 87.40 10.57 94.62 O 67.24 10.57 59.96 
O 81.33 12.24 96.59 O 73.31 12.24 57.98 
O 83.45 4.29 95.94 O 71.20 4.29 58.63 
O 82.45 10.02 96.18 O 72.20 10.02 58.40 
O 81.41 1.18 95.15 O 73.24 1.17 59.42 
O 83.51 0.26 96.26 O 71.13 0.26 58.32 
O 84.79 1.08 94.23 O 69.86 1.08 60.35 
O 85.60 12.20 95.39 O 69.04 12.20 59.19 
O 84.98 9.79 95.49 O 69.67 9.79 59.09 
O 83.16 8.26 94.50 O 71.49 8.26 60.08 
O 84.25 3.53 93.62 O 70.40 3.53 60.95 
O 84.48 1.62 91.79 O 70.16 1.62 62.79 
O 82.93 5.78 93.90 O 71.72 5.78 60.67 
O 81.87 3.46 94.15 O 72.78 3.45 60.43 
O 82.59 7.62 92.14 O 72.05 7.62 62.43 
O 80.84 7.31 94.05 O 73.81 7.31 60.52 
O 80.12 1.95 93.07 O 74.53 1.94 61.50 
O 85.85 1.25 96.52 O 68.79 1.26 58.07 
O 83.73 8.02 96.94 O 70.92 8.02 57.64 
Si 70.47 6.13 100.58 Si 84.18 6.13 54.00 
Si 72.26 10.74 100.80 Si 82.39 10.74 53.78 
Si 72.99 2.36 98.04 Si 81.66 2.36 56.54 
Si 72.14 12.69 98.45 Si 82.51 12.69 56.13 
Si 69.13 12.76 97.71 Si 85.52 12.77 56.88 




Si 70.51 4.21 98.19 Si 84.14 4.21 56.39 
Si 67.88 10.90 99.80 Si 86.76 10.91 54.77 
Si 70.18 8.96 99.44 Si 84.47 8.96 55.14 
Si 71.76 4.24 93.83 Si 82.89 4.24 60.75 
Si 68.79 10.99 95.20 Si 85.85 10.99 59.38 
Si 70.94 9.12 96.42 Si 83.71 9.12 58.16 
Si 71.78 6.19 96.18 Si 82.87 6.19 58.40 
Si 73.53 10.80 96.44 Si 81.11 10.81 58.14 
Si 73.80 2.30 95.03 Si 80.85 2.30 59.55 
Si 73.48 12.65 93.99 Si 81.16 12.65 60.59 
Si 70.46 12.83 93.39 Si 84.19 12.83 61.19 
Si 69.38 2.35 94.26 Si 85.26 2.35 60.32 
Si 74.76 8.98 100.49 Si 79.89 8.98 54.09 
Si 74.92 4.34 99.37 Si 79.73 4.34 55.21 
Si 80.43 7.09 99.07 Si 74.21 7.09 55.51 
Si 79.41 4.20 98.99 Si 75.24 4.20 55.59 
Si 80.40 8.95 101.50 Si 74.25 8.95 53.08 
Si 73.47 6.29 101.21 Si 81.18 6.30 53.37 
Si 78.94 4.27 95.95 Si 75.71 4.27 58.63 
Si 78.89 8.87 97.07 Si 75.75 8.87 57.51 
Si 74.76 6.26 96.97 Si 79.89 6.26 57.61 
Si 75.84 9.08 97.61 Si 78.81 9.08 56.97 
Si 76.03 4.40 94.88 Si 78.61 4.40 59.70 
Si 79.43 7.02 94.67 Si 75.22 7.02 59.91 
Si 86.28 2.27 97.62 Si 68.36 2.28 56.96 
Si 83.95 4.26 97.42 Si 70.70 4.26 57.16 
Si 83.41 7.17 98.21 Si 71.23 7.17 56.37 
Si 81.87 2.41 98.79 Si 72.77 2.41 55.79 
Si 82.21 10.90 100.04 Si 72.43 10.89 54.53 
Si 83.03 0.49 100.89 Si 71.61 0.49 53.69 
Si 85.94 0.32 99.93 Si 68.70 0.32 54.65 
Si 86.70 10.87 98.67 Si 67.95 10.87 55.91 
Si 84.69 9.11 100.18 Si 69.95 9.11 54.40 
Si 82.35 7.21 93.67 Si 72.30 7.21 60.91 
Si 80.77 2.38 94.39 Si 73.88 2.38 60.19 
Si 81.36 10.74 97.05 Si 73.29 10.74 57.53 
Si 81.96 0.43 96.42 Si 72.68 0.43 58.16 
Si 84.94 0.36 95.61 Si 69.70 0.36 58.97 
Si 86.20 10.77 95.63 Si 68.45 10.77 58.96 
Si 83.62 9.05 95.77 Si 71.03 9.05 58.81 




Si 83.14 4.32 94.41 Si 71.51 4.32 60.16 
H 68.78 11.98 101.50 H 85.80 11.95 53.08 
H 68.89 5.75 102.46 H 85.75 5.75 52.12 
H 72.06 11.37 103.18 H 82.60 11.38 51.41 
H 75.15 11.61 93.06 H 79.50 11.61 61.52 
H 69.53 0.48 91.62 H 85.12 0.48 62.96 
H 71.65 4.93 91.47 H 83.00 4.93 63.11 
H 82.05 7.89 102.52 H 72.64 7.86 52.03 
H 74.44 5.36 102.90 H 80.19 5.38 51.68 
H 75.54 5.57 93.10 H 79.10 5.58 61.48 
H 77.74 6.14 93.59 H 76.91 6.14 60.99 
H 82.58 0.87 103.30 H 72.05 0.86 51.27 
H 87.65 1.24 100.90 H 67.00 1.23 53.68 
H 85.70 8.48 102.34 H 68.94 8.49 52.24 
H 83.69 1.05 91.87 H 70.96 1.06 62.71 
H 83.32 8.26 92.04 H 71.32 8.25 62.54 
H 79.51 1.71 92.39 H 75.14 1.69 62.18 
O 65.12 2.63 96.39 O 89.52 2.63 58.19 
O 56.62 0.90 83.92 O 98.03 0.90 70.65 
O 56.08 9.11 81.86 O 98.56 9.12 72.72 
O 56.35 3.17 82.88 O 98.30 3.17 71.70 
O 55.18 11.96 84.04 O 99.47 11.96 70.53 
O 56.20 12.74 81.82 O 98.45 12.74 72.75 
O 54.14 12.05 80.45 O 100.51 12.05 74.13 
O 55.28 1.01 79.93 O 99.37 1.01 74.64 
O 55.46 3.45 80.51 O 99.18 3.45 74.07 
O 54.55 4.94 82.42 O 100.09 4.94 72.16 
O 53.73 9.66 81.04 O 100.92 9.65 73.54 
O 51.89 11.36 81.30 O 102.77 11.36 73.31 
O 54.16 7.45 82.33 O 100.48 7.45 72.25 
O 54.26 9.70 83.52 O 100.39 9.70 71.06 
O 52.22 5.89 82.75 O 102.43 5.89 71.83 
O 53.97 6.23 84.53 O 100.67 6.22 70.05 
O 53.04 11.16 85.18 O 101.60 11.15 69.39 
O 56.93 5.29 81.65 O 97.71 5.29 72.93 
O 56.43 11.98 79.37 O 98.21 11.98 75.21 
O 57.60 9.82 79.92 O 97.05 9.82 74.66 
O 58.90 11.75 78.95 O 95.75 11.75 75.63 
O 58.01 7.61 81.30 O 96.64 7.61 73.28 
O 58.66 2.32 83.41 O 95.99 2.32 71.17 




O 59.45 5.44 81.37 O 95.20 5.44 73.21 
O 58.34 6.35 83.48 O 96.31 6.35 71.10 
O 68.32 2.46 93.12 O 86.32 2.46 61.46 
O 57.10 2.37 78.96 O 97.55 2.37 75.62 
O 60.11 11.59 83.12 O 94.54 11.59 71.45 
O 60.70 0.84 82.90 O 93.95 0.84 71.69 
O 60.46 3.16 81.83 O 94.19 3.16 72.75 
O 62.46 12.24 82.56 O 92.19 12.23 72.02 
O 60.56 12.55 80.80 O 94.10 12.54 73.78 
O 61.09 12.94 78.30 O 93.56 12.94 76.28 
O 59.22 0.98 79.42 O 95.42 0.98 75.17 
O 59.30 3.53 79.70 O 95.35 3.53 74.89 
O 61.53 4.67 80.08 O 93.12 4.68 74.50 
O 57.67 11.83 83.69 O 96.98 11.83 70.88 
O 57.20 3.98 87.73 O 97.44 3.98 66.85 
O 57.08 3.10 85.29 O 97.56 3.10 69.29 
O 55.61 5.06 86.12 O 99.03 5.06 68.45 
O 58.83 7.80 91.62 O 95.82 7.81 62.96 
O 59.56 5.61 90.60 O 95.09 5.61 63.98 
O 60.01 3.16 91.00 O 94.64 3.16 63.58 
O 57.49 9.11 86.64 O 97.15 9.11 67.94 
O 55.47 9.09 88.13 O 99.17 9.09 66.45 
O 58.77 10.20 92.33 O 95.88 10.20 62.24 
O 57.30 8.49 93.47 O 97.41 8.51 61.17 
O 53.57 6.16 87.06 O 101.07 6.17 67.52 
O 55.50 7.60 86.12 O 99.15 7.60 68.46 
O 55.25 10.09 85.81 O 99.39 10.09 68.77 
O 60.27 7.88 89.53 O 94.37 7.87 65.05 
O 59.98 9.29 87.37 O 94.66 9.29 67.21 
O 61.56 10.04 89.42 O 93.09 10.03 65.15 
O 62.19 8.10 87.93 O 92.45 8.10 66.65 
O 60.37 5.54 84.75 O 94.27 5.53 69.83 
O 59.21 7.66 85.57 O 95.43 7.66 69.01 
O 59.11 10.06 84.95 O 95.53 10.06 69.63 
O 60.64 4.25 88.84 O 94.00 4.25 65.73 
O 61.62 4.15 86.50 O 93.04 4.15 68.08 
O 60.98 3.09 84.22 O 93.67 3.09 70.36 
O 62.82 5.00 84.44 O 91.83 5.00 70.13 
O 63.77 6.92 86.28 O 90.88 6.92 68.30 
O 62.71 5.64 88.18 O 91.93 5.63 66.40 




O 58.09 5.36 85.82 O 96.55 5.36 68.76 
O 63.79 3.51 94.33 O 90.85 3.51 60.25 
O 62.94 1.56 95.79 O 91.70 1.56 58.79 
O 61.85 1.33 91.26 O 92.80 1.33 63.32 
O 62.71 5.72 93.38 O 91.94 5.72 61.19 
O 61.22 10.74 91.86 O 93.43 10.73 62.71 
O 61.95 3.45 92.61 O 92.69 3.44 61.96 
O 61.53 7.89 94.21 O 93.12 7.89 60.36 
O 61.30 7.11 91.78 O 93.35 7.11 62.80 
O 63.82 10.77 97.60 O 90.82 10.76 56.98 
O 64.83 10.74 95.30 O 89.81 10.75 59.28 
O 60.17 1.67 93.11 O 94.48 1.67 61.46 
O 59.78 12.40 93.23 O 94.86 12.40 61.34 
O 60.47 10.15 94.21 O 94.18 10.15 60.36 
O 58.31 0.72 94.56 O 96.33 0.72 60.01 
O 60.73 0.39 95.22 O 93.92 0.39 59.35 
O 61.63 0.46 97.62 O 93.01 0.46 56.96 
O 62.84 12.26 95.85 O 91.80 12.26 58.73 
O 62.47 9.76 95.70 O 92.17 9.77 58.89 
O 60.24 8.70 96.26 O 94.39 8.70 58.30 
O 67.35 10.57 94.69 O 87.29 10.57 59.90 
O 62.60 12.24 90.42 O 92.05 12.24 64.16 
O 64.22 4.29 91.92 O 90.43 4.29 62.66 
O 63.52 10.02 91.17 O 91.13 10.02 63.40 
O 63.89 1.18 89.76 O 90.76 1.17 64.82 
O 63.98 0.26 92.14 O 90.66 0.26 62.44 
O 66.38 1.09 92.22 O 88.27 1.08 62.36 
O 65.78 12.20 93.51 O 88.86 12.20 61.07 
O 65.39 9.79 93.02 O 89.26 9.79 61.56 
O 65.33 8.26 90.95 O 89.31 8.26 63.63 
O 66.64 3.53 91.46 O 88.01 3.53 63.12 
O 68.34 1.62 90.74 O 86.30 1.62 63.84 
O 65.73 5.78 90.45 O 88.92 5.77 64.13 
O 64.99 3.46 89.65 O 89.66 3.45 64.93 
O 67.09 7.62 89.28 O 87.56 7.62 65.30 
O 64.55 7.31 88.71 O 90.09 7.31 65.86 
O 65.03 1.95 87.60 O 89.60 1.94 66.98 
O 64.94 1.26 94.29 O 89.71 1.25 60.29 
O 63.50 8.02 92.66 O 91.14 8.02 61.91 
Si 53.71 6.12 83.00 Si 100.93 6.12 71.57 




Si 57.18 2.36 83.91 Si 97.46 2.36 70.67 
Si 56.40 12.68 83.38 Si 98.25 12.68 71.20 
Si 55.54 12.76 80.40 Si 99.11 12.76 74.18 
Si 55.62 2.41 79.37 Si 99.03 2.41 75.21 
Si 55.81 4.21 81.84 Si 98.84 4.21 72.74 
Si 53.10 10.91 80.38 Si 101.54 10.90 74.21 
Si 54.56 8.96 82.18 Si 100.09 8.96 72.40 
Si 60.21 4.23 80.74 Si 94.44 4.24 73.84 
Si 57.54 10.98 78.86 Si 97.11 10.98 75.72 
Si 57.55 9.11 81.32 Si 97.09 9.11 73.25 
Si 58.19 6.18 81.93 Si 96.46 6.19 72.65 
Si 58.84 10.80 83.58 Si 95.81 10.80 71.00 
Si 60.19 2.30 83.11 Si 94.46 2.30 71.47 
Si 60.94 12.65 82.31 Si 93.71 12.64 72.27 
Si 59.94 12.83 79.40 Si 94.71 12.83 75.18 
Si 58.65 2.35 78.90 Si 96.00 2.35 75.68 
Si 55.94 8.98 86.67 Si 98.71 8.98 67.91 
Si 56.99 4.34 86.25 Si 97.65 4.34 68.33 
Si 60.01 7.09 90.87 Si 94.63 7.09 63.70 
Si 59.57 4.21 89.94 Si 95.07 4.21 64.63 
Si 57.89 8.95 92.07 Si 96.76 8.96 62.54 
Si 54.68 6.29 85.91 Si 99.97 6.29 68.67 
Si 61.96 4.27 88.02 Si 92.68 4.27 66.56 
Si 60.97 8.87 88.54 Si 93.67 8.87 66.04 
Si 58.99 6.26 84.91 Si 95.66 6.26 69.67 
Si 58.98 9.08 86.17 Si 95.66 9.08 68.41 
Si 61.44 4.40 84.97 Si 93.21 4.40 69.61 
Si 63.32 7.03 87.80 Si 91.32 7.02 66.78 
Si 64.19 2.28 95.21 Si 90.45 2.28 59.37 
Si 63.19 4.26 93.09 Si 91.45 4.26 61.49 
Si 62.25 7.17 93.02 Si 92.40 7.17 61.55 
Si 60.97 2.41 91.98 Si 93.67 2.41 62.59 
Si 60.06 10.90 92.90 Si 94.59 10.89 61.67 
Si 59.74 0.49 94.04 Si 94.90 0.49 60.54 
Si 62.02 0.32 96.07 Si 92.62 0.32 58.50 
Si 63.49 10.87 96.10 Si 91.15 10.87 58.48 
Si 61.18 9.11 95.12 Si 93.46 9.11 59.46 
Si 65.64 7.21 89.83 Si 89.00 7.21 64.75 
Si 64.23 2.38 88.83 Si 90.42 2.38 65.75 
Si 62.22 10.74 90.66 Si 92.43 10.74 63.91 




Si 65.26 0.36 93.05 Si 89.39 0.36 61.53 
Si 65.88 10.78 94.14 Si 88.76 10.77 60.44 
Si 64.46 9.05 91.98 Si 90.18 9.05 62.60 
Si 67.41 2.22 91.88 Si 87.24 2.22 62.70 
Si 65.40 4.32 90.89 Si 89.25 4.32 63.69 
H 52.10 11.96 82.05 H 102.57 11.99 72.59 
H 51.30 5.74 82.58 H 103.35 5.76 72.00 
H 52.27 11.37 85.67 H 102.39 11.36 68.91 
H 62.56 11.61 83.30 H 92.08 11.60 71.29 
H 61.01 0.48 77.70 H 93.63 0.48 76.88 
H 62.20 4.92 79.47 H 92.44 4.93 75.11 
H 57.85 7.89 94.01 H 96.93 7.84 60.65 
H 53.72 5.39 87.62 H 100.93 5.39 66.95 
H 62.73 5.58 83.65 H 91.91 5.57 70.92 
H 63.40 6.14 85.80 H 91.24 6.14 68.78 
H 57.43 0.87 94.87 H 97.21 0.85 59.70 
H 62.03 1.24 98.03 H 92.62 1.25 56.55 
H 59.81 8.48 97.07 H 94.82 8.49 57.49 
H 67.87 1.05 90.09 H 86.77 1.05 64.49 
H 67.54 8.25 89.86 H 87.10 8.25 64.72 












Table C.2 NT-4 Unit Cell 
 a (Å) b (Å) c (Å) alpha (°) beta (°) gamma (°)  
 147.84 13.37 147.85 90 90 90  
        
Atom x  (Å) y  (Å) z  (Å) Atom  x  (Å) y  (Å) z  (Å) 
O 93.84 2.63 74.06 O 54.00 2.63 73.79 
O 88.57 1.06 87.23 O 59.27 1.06 60.61 
O 87.04 9.22 88.48 O 60.80 9.22 59.36 
O 87.70 3.31 87.92 O 60.14 3.31 59.92 
O 89.48 12.07 87.96 O 58.36 12.07 59.88 
O 87.27 12.97 88.96 O 60.57 12.97 58.88 
O 86.08 11.96 91.08 O 61.77 11.96 56.77 
O 85.56 0.96 90.34 O 62.29 0.96 57.50 
O 86.11 3.42 89.97 O 61.73 3.42 57.87 
O 88.21 5.17 89.54 O 59.63 5.17 58.31 
O 86.98 9.67 90.97 O 60.87 9.68 56.88 
O 87.09 10.97 93.09 O 60.75 10.97 54.76 
O 88.39 7.71 89.92 O 59.45 7.71 57.93 
O 89.23 9.96 89.26 O 58.62 9.96 58.59 
O 90.18 6.16 90.74 O 57.67 6.16 57.10 
O 90.06 6.60 88.25 O 57.79 6.60 59.59 
O 91.40 11.19 89.26 O 56.44 11.19 58.58 
O 86.08 5.24 88.23 O 61.76 5.24 59.62 
O 84.80 12.31 88.94 O 63.04 12.31 58.91 
O 84.68 9.95 88.13 O 63.16 9.95 59.72 
O 83.43 11.72 86.83 O 64.42 11.72 61.02 
O 85.47 7.66 87.26 O 62.37 7.66 60.58 
O 87.11 2.38 85.65 O 60.73 2.38 62.20 
O 86.27 10.02 86.25 O 61.57 10.03 61.59 
O 84.65 5.47 86.06 O 63.19 5.47 61.78 
O 87.08 6.13 86.19 O 60.77 6.13 61.66 
O 89.75 1.81 73.83 O 58.10 1.81 74.01 
O 84.23 2.25 88.78 O 63.61 2.26 59.07 
O 86.28 11.83 84.33 O 61.56 11.83 63.52 
O 85.84 0.94 83.84 O 62.00 0.94 64.00 
O 84.81 3.18 84.82 O 63.03 3.18 63.03 
O 85.17 12.49 82.15 O 62.68 12.49 65.69 
O 84.00 12.71 84.45 O 63.84 12.71 63.40 
O 81.68 13.08 85.47 O 66.16 13.08 62.37 




O 83.43 3.38 86.60 O 64.41 3.38 61.25 
O 82.69 4.67 84.52 O 65.16 4.67 63.33 
O 87.45 12.25 86.54 O 60.39 12.25 61.30 
O 91.10 4.05 84.00 O 56.74 4.05 63.85 
O 89.49 3.25 86.02 O 58.36 3.25 61.83 
O 91.06 5.29 86.30 O 56.79 5.29 61.55 
O 93.03 8.10 82.70 O 54.82 8.10 65.14 
O 92.21 5.73 82.32 O 55.64 5.73 65.52 
O 92.50 3.26 81.73 O 55.34 3.26 66.12 
O 90.33 8.99 84.95 O 57.51 8.99 62.90 
O 92.62 9.66 84.75 O 55.22 9.66 63.10 
O 93.75 10.38 82.16 O 54.09 10.38 65.69 
O 94.91 9.09 83.94 O 52.93 9.09 63.91 
O 92.52 6.06 88.16 O 55.32 6.06 59.68 
O 91.73 7.81 86.54 O 56.11 7.81 61.31 
O 90.96 10.12 87.05 O 56.88 10.12 60.80 
O 90.85 7.75 81.49 O 56.99 7.75 66.36 
O 89.08 9.10 82.75 O 58.76 9.10 65.09 
O 90.34 10.10 80.84 O 57.50 10.10 67.00 
O 88.61 8.34 80.35 O 59.24 8.34 67.50 
O 86.85 5.88 83.75 O 61.00 5.88 64.10 
O 88.18 7.86 84.71 O 59.66 7.86 63.14 
O 88.28 10.44 84.87 O 59.57 10.44 62.98 
O 90.28 4.43 81.63 O 57.57 4.43 66.21 
O 87.67 4.88 81.76 O 60.17 4.88 66.09 
O 86.48 3.38 83.32 O 61.36 3.38 64.53 
O 85.19 5.22 81.84 O 62.65 5.22 66.01 
O 86.42 6.98 80.04 O 61.43 6.98 67.80 
O 88.74 5.91 79.94 O 59.11 5.91 67.90 
O 88.50 3.31 80.15 O 59.35 3.31 67.70 
O 89.12 5.42 84.82 O 58.72 5.42 63.03 
O 93.45 3.44 76.62 O 54.39 3.44 71.23 
O 94.95 1.40 76.07 O 52.90 1.40 71.77 
O 91.60 1.44 80.23 O 56.24 1.44 67.62 
O 93.27 5.63 78.12 O 54.58 5.63 69.72 
O 92.56 10.84 79.98 O 55.28 10.84 67.87 
O 92.86 3.38 79.16 O 54.99 3.38 68.69 
O 94.42 7.99 78.30 O 53.43 7.99 69.54 
O 93.00 7.09 80.27 O 54.84 7.09 67.57 
O 95.53 10.40 73.95 O 52.31 10.40 73.90 




O 94.10 1.52 80.30 O 53.74 1.52 67.54 
O 94.45 12.35 80.54 O 53.40 12.35 67.30 
O 94.84 10.10 79.55 O 53.00 10.10 68.29 
O 96.41 0.53 80.36 O 51.44 0.53 67.48 
O 95.06 0.09 78.27 O 52.78 0.09 69.58 
O 97.15 0.62 76.96 O 50.69 0.62 70.89 
O 95.65 12.25 75.94 O 52.19 12.25 71.90 
O 95.24 9.94 76.77 O 52.60 9.94 71.07 
O 96.73 8.87 78.47 O 51.11 8.87 69.38 
O 91.47 10.96 73.99 O 56.38 10.96 73.85 
O 90.60 12.40 79.70 O 57.25 12.40 68.14 
O 91.21 4.30 77.48 O 56.64 4.30 70.36 
O 90.78 10.03 78.42 O 57.06 10.03 69.42 
O 89.29 1.22 79.07 O 58.56 1.22 68.77 
O 91.45 0.55 77.97 O 56.40 0.55 69.88 
O 90.03 0.81 75.97 O 57.81 0.81 71.88 
O 91.67 12.20 76.13 O 56.18 12.20 71.71 
O 91.83 9.62 76.22 O 56.02 9.62 71.62 
O 89.83 8.23 76.75 O 58.02 8.23 71.09 
O 89.50 3.31 75.78 O 58.35 3.31 72.07 
O 87.64 1.47 75.14 O 60.21 1.47 72.70 
O 89.20 5.75 76.56 O 58.64 5.75 71.29 
O 88.80 3.51 77.91 O 59.04 3.51 69.93 
O 87.77 7.57 75.43 O 60.07 7.57 72.42 
O 87.92 7.35 78.00 O 59.93 7.35 69.85 
O 86.81 2.01 78.72 O 61.03 2.01 69.13 
O 92.53 1.27 75.76 O 55.31 1.27 72.09 
O 91.95 7.81 78.09 O 55.90 7.81 69.76 
Si 89.20 6.40 89.57 Si 58.65 6.40 58.27 
Si 90.25 10.74 88.33 Si 57.60 10.74 59.52 
Si 88.27 2.51 86.70 Si 59.58 2.51 61.15 
Si 88.22 12.97 87.70 Si 59.63 12.97 60.14 
Si 85.96 12.90 89.83 Si 61.88 12.90 58.01 
Si 84.92 2.39 90.18 Si 62.92 2.39 57.67 
Si 87.05 4.26 88.98 Si 60.80 4.26 58.86 
Si 86.13 10.65 91.92 Si 61.71 10.65 55.93 
Si 87.92 9.20 89.75 Si 59.93 9.20 58.10 
Si 83.88 4.27 85.41 Si 63.96 4.27 62.44 
Si 83.87 11.26 88.24 Si 63.98 11.26 59.61 
Si 85.86 9.17 87.51 Si 61.99 9.17 60.33 




Si 87.06 11.17 85.48 Si 60.78 11.17 62.36 
Si 86.09 2.36 84.46 Si 61.75 2.36 63.39 
Si 85.33 12.85 83.64 Si 62.52 12.85 64.20 
Si 83.23 12.84 85.79 Si 64.62 12.85 62.06 
Si 83.43 2.06 87.45 Si 64.41 2.06 60.40 
Si 91.53 9.22 85.87 Si 56.31 9.22 61.98 
Si 90.24 4.42 85.27 Si 57.61 4.42 62.57 
Si 92.30 7.16 81.68 Si 55.54 7.16 66.16 
Si 91.58 4.30 82.50 Si 56.27 4.30 65.34 
Si 93.49 9.41 83.40 Si 54.35 9.41 64.44 
Si 91.31 6.48 87.30 Si 56.53 6.48 60.55 
Si 88.92 4.63 80.88 Si 58.92 4.63 66.96 
Si 89.69 8.80 81.35 Si 58.15 8.80 66.50 
Si 87.85 6.33 84.87 Si 59.99 6.33 62.98 
Si 88.96 9.17 84.31 Si 58.89 9.17 63.53 
Si 86.42 4.82 82.66 Si 61.42 4.82 65.19 
Si 87.91 7.21 79.55 Si 59.93 7.21 68.30 
Si 93.73 2.26 75.60 Si 54.12 2.26 72.25 
Si 92.73 4.17 77.81 Si 55.11 4.17 70.03 
Si 93.19 7.09 78.71 Si 54.65 7.09 69.13 
Si 92.82 2.43 80.40 Si 55.03 2.43 67.44 
Si 93.95 10.86 80.63 Si 53.89 10.86 67.21 
Si 94.97 0.29 79.84 Si 52.87 0.29 68.01 
Si 95.67 0.21 76.81 Si 52.17 0.21 71.04 
Si 95.14 10.84 75.46 Si 52.70 10.84 72.38 
Si 95.26 9.32 78.24 Si 52.58 9.32 69.61 
Si 88.66 7.21 76.64 Si 59.18 7.21 71.21 
Si 88.29 2.41 78.89 Si 59.56 2.41 68.96 
Si 91.05 10.89 79.73 Si 56.79 10.89 68.12 
Si 90.69 0.56 79.33 Si 57.16 0.56 68.52 
Si 91.46 0.35 76.44 Si 56.38 0.35 71.41 
Si 92.14 10.89 75.40 Si 55.71 10.89 72.44 
Si 91.08 8.89 77.37 Si 56.76 8.89 70.48 
Si 89.12 1.86 75.24 Si 58.73 1.86 72.61 
Si 89.73 4.33 76.96 Si 58.12 4.33 70.88 
H 87.68 11.37 93.71 H 60.17 11.37 54.13 
H 90.59 5.97 91.57 H 57.26 5.97 56.27 
H 92.04 11.72 89.71 H 55.81 11.72 58.13 
H 85.37 12.03 81.35 H 62.48 12.04 66.50 
H 81.29 0.44 86.00 H 66.55 0.44 61.84 




H 95.73 8.68 84.18 H 52.11 8.68 63.66 
H 93.29 5.68 88.57 H 54.56 5.68 59.28 
H 84.40 5.54 81.44 H 63.45 5.54 66.41 
H 86.34 6.24 80.70 H 61.50 6.24 67.15 
H 97.18 0.71 80.88 H 50.66 0.71 66.97 
H 98.01 1.01 76.92 H 49.83 1.01 70.92 
H 97.50 8.34 78.54 H 50.34 8.34 69.30 
H 86.75 1.15 75.19 H 61.10 1.15 72.65 
H 87.54 8.02 74.63 H 60.30 8.02 73.21 
H 85.93 1.73 78.89 H 61.92 1.73 68.96 
O 83.77 2.63 91.24 O 64.08 2.63 56.61 
O 69.72 1.06 93.27 O 78.12 1.06 54.58 
O 67.87 9.22 92.56 O 79.98 9.22 55.28 
O 68.69 3.31 92.86 O 79.16 3.31 54.99 
O 69.54 12.07 94.42 O 78.30 12.07 53.43 
O 67.57 12.97 93.00 O 80.27 12.97 54.84 
O 65.14 11.96 93.03 O 82.70 11.96 54.82 
O 65.52 0.96 92.21 O 82.32 0.96 55.64 
O 66.12 3.42 92.50 O 81.73 3.42 55.34 
O 67.54 5.17 94.10 O 80.30 5.17 53.74 
O 65.69 9.68 93.75 O 82.16 9.68 54.09 
O 63.91 10.97 94.91 O 83.94 10.97 52.93 
O 67.30 7.71 94.45 O 80.54 7.71 53.40 
O 68.29 9.96 94.84 O 79.55 9.96 53.00 
O 67.48 6.16 96.41 O 80.36 6.16 51.44 
O 69.58 6.60 95.06 O 78.27 6.60 52.78 
O 69.38 11.19 96.73 O 78.47 11.19 51.12 
O 67.61 5.24 91.60 O 80.23 5.24 56.24 
O 66.36 12.31 90.85 O 81.49 12.31 56.99 
O 67.00 9.95 90.34 O 80.84 9.95 57.50 
O 67.50 11.72 88.61 O 80.35 11.72 59.24 
O 68.14 7.66 90.60 O 79.70 7.66 57.25 
O 70.36 2.38 91.21 O 77.48 2.38 56.64 
O 69.42 10.03 90.78 O 78.42 10.03 57.06 
O 68.77 5.47 89.29 O 79.07 5.47 58.56 
O 69.88 6.13 91.45 O 77.97 6.13 56.40 
O 81.91 1.80 87.58 O 65.93 1.81 60.26 
O 66.21 2.26 90.28 O 81.63 2.25 57.57 
O 71.09 11.83 89.83 O 76.75 11.83 58.02 
O 71.29 0.94 89.20 O 76.55 0.94 58.64 




O 72.42 12.49 87.78 O 75.43 12.49 60.07 
O 69.85 12.71 87.92 O 78.00 12.71 59.93 
O 67.80 13.08 86.42 O 80.04 13.08 61.43 
O 67.90 0.78 88.74 O 79.94 0.78 59.11 
O 67.70 3.38 88.50 O 80.14 3.38 59.35 
O 69.13 4.67 86.81 O 78.72 4.67 61.03 
O 69.76 12.25 91.95 O 78.09 12.25 55.90 
O 73.79 4.05 93.84 O 74.06 4.05 54.00 
O 71.23 3.25 93.45 O 76.62 3.25 54.39 
O 71.77 5.29 94.95 O 76.07 5.29 52.90 
O 75.87 8.10 94.86 O 71.97 8.10 52.99 
O 75.79 5.73 93.96 O 72.05 5.73 53.88 
O 76.46 3.26 93.92 O 71.39 3.26 53.93 
O 72.58 8.99 93.64 O 75.27 8.99 54.20 
O 73.90 9.66 95.53 O 73.95 9.66 52.31 
O 76.71 10.38 95.21 O 71.14 10.38 52.63 
O 75.74 9.09 97.11 O 72.10 9.09 50.74 
O 70.89 6.06 97.15 O 76.96 6.06 50.69 
O 71.90 7.81 95.65 O 75.94 7.81 52.19 
O 71.07 10.12 95.24 O 76.77 10.12 52.60 
O 75.84 7.75 92.37 O 72.01 7.75 55.48 
O 73.85 9.10 91.47 O 73.99 9.10 56.38 
O 76.14 10.10 91.60 O 71.71 10.10 56.24 
O 75.70 8.34 89.85 O 72.14 8.34 57.99 
O 71.87 5.88 90.03 O 75.97 5.88 57.81 
O 71.71 7.86 91.67 O 76.13 7.86 56.18 
O 71.62 10.44 91.83 O 76.22 10.44 56.02 
O 75.42 4.43 91.94 O 72.42 4.43 55.90 
O 74.01 4.88 89.75 O 73.83 4.88 58.10 
O 72.07 3.38 89.50 O 75.78 3.38 58.35 
O 72.70 5.22 87.64 O 75.14 5.21 60.20 
O 74.87 6.98 87.80 O 72.98 6.98 60.04 
O 76.12 5.91 89.76 O 71.73 5.91 58.08 
O 75.82 3.31 89.66 O 72.02 3.31 58.19 
O 72.09 5.42 92.53 O 75.76 5.42 55.31 
O 81.35 3.44 92.18 O 66.49 3.44 55.66 
O 82.57 1.40 93.21 O 65.27 1.40 54.64 
O 77.30 1.44 92.39 O 70.54 1.44 55.46 
O 79.96 5.63 92.78 O 67.89 5.63 55.07 
O 78.00 10.84 93.09 O 69.84 10.84 54.75 




O 80.38 7.99 93.86 O 67.47 7.99 53.98 
O 77.96 7.09 93.62 O 69.88 7.09 54.22 
O 84.71 10.40 92.65 O 63.14 10.40 55.20 
O 82.62 11.07 91.67 O 65.23 11.07 56.17 
O 78.49 1.52 94.59 O 69.36 1.52 53.25 
O 78.45 12.35 95.01 O 69.39 12.35 52.84 
O 79.51 10.10 94.86 O 68.34 10.10 52.99 
O 79.59 0.53 96.62 O 68.26 0.53 51.23 
O 80.73 0.09 94.40 O 67.11 0.09 53.44 
O 82.91 0.62 95.56 O 64.93 0.62 52.29 
O 83.04 12.25 93.75 O 64.81 12.25 54.09 
O 82.12 9.94 93.81 O 65.73 9.94 54.03 
O 81.39 8.87 95.95 O 66.45 8.87 51.90 
O 82.63 10.96 89.15 O 65.21 10.96 58.69 
O 77.25 12.40 91.25 O 70.59 12.40 56.59 
O 79.48 4.30 90.67 O 68.36 4.30 57.17 
O 78.45 10.03 90.78 O 69.39 10.03 57.07 
O 77.15 1.22 89.80 O 70.70 1.22 58.04 
O 79.18 0.55 91.12 O 68.66 0.55 56.72 
O 80.20 0.81 88.90 O 67.64 0.81 58.95 
O 80.88 12.20 90.39 O 66.97 12.20 57.45 
O 80.88 9.62 90.58 O 66.96 9.62 57.26 
O 79.42 8.23 89.11 O 68.42 8.23 58.73 
O 80.10 3.31 88.34 O 67.74 3.31 59.50 
O 79.73 1.47 86.41 O 68.12 1.47 61.43 
O 79.28 5.75 88.47 O 68.56 5.75 59.37 
O 77.91 3.51 88.80 O 69.94 3.51 59.04 
O 79.54 7.57 86.67 O 68.30 7.57 61.17 
O 77.39 7.35 88.08 O 70.45 7.35 59.77 
O 76.22 2.01 87.48 O 71.63 2.01 60.36 
O 81.64 1.27 90.96 O 66.21 1.27 56.89 
O 79.33 7.81 91.62 O 68.52 7.81 56.23 
Si 68.01 6.40 94.97 Si 79.84 6.40 52.87 
Si 69.61 10.74 95.26 Si 78.24 10.74 52.58 
Si 70.03 2.51 92.73 Si 77.81 2.51 55.11 
Si 69.13 12.97 93.19 Si 78.71 12.97 54.65 
Si 66.16 12.90 92.30 Si 81.68 12.90 55.54 
Si 65.34 2.39 91.58 Si 82.50 2.39 56.27 
Si 67.44 4.26 92.82 Si 80.41 4.26 55.03 
Si 64.44 10.65 93.49 Si 83.40 10.65 54.35 




Si 68.96 4.27 88.29 Si 78.89 4.27 59.56 
Si 66.50 11.26 89.69 Si 81.35 11.26 58.15 
Si 68.12 9.17 91.05 Si 79.73 9.17 56.79 
Si 68.52 6.13 90.69 Si 79.33 6.13 57.16 
Si 70.48 11.17 91.08 Si 77.36 11.17 56.76 
Si 70.88 2.36 89.73 Si 76.96 2.36 58.12 
Si 71.21 12.85 88.66 Si 76.64 12.85 59.18 
Si 68.30 12.85 87.91 Si 79.55 12.84 59.93 
Si 66.96 2.06 88.92 Si 80.88 2.06 58.92 
Si 72.38 9.22 95.14 Si 75.46 9.22 52.70 
Si 72.25 4.42 93.73 Si 75.60 4.42 54.12 
Si 76.39 7.16 93.72 Si 71.45 7.16 54.13 
Si 75.32 4.30 93.50 Si 72.53 4.30 54.34 
Si 75.50 9.41 95.61 Si 72.35 9.41 52.23 
Si 71.04 6.48 95.67 Si 76.81 6.48 52.17 
Si 75.40 4.63 90.39 Si 72.45 4.63 57.45 
Si 75.38 8.80 91.29 Si 72.47 8.80 56.55 
Si 71.41 6.33 91.46 Si 76.44 6.33 56.38 
Si 72.44 9.17 92.14 Si 75.40 9.17 55.71 
Si 72.61 4.82 89.12 Si 75.24 4.82 58.73 
Si 76.05 7.21 88.85 Si 71.80 7.21 59.00 
Si 82.38 2.26 91.91 Si 65.47 2.26 55.94 
Si 79.96 4.17 92.16 Si 67.89 4.17 55.69 
Si 79.41 7.09 93.00 Si 68.43 7.09 54.84 
Si 77.76 2.43 93.53 Si 70.09 2.43 54.32 
Si 78.13 10.86 94.62 Si 69.72 10.86 53.22 
Si 79.33 0.29 95.11 Si 68.52 0.29 52.73 
Si 82.30 0.21 94.20 Si 65.55 0.21 53.65 
Si 83.20 10.84 93.07 Si 64.64 10.84 54.78 
Si 80.85 9.32 94.56 Si 66.99 9.32 53.28 
Si 78.94 7.21 88.04 Si 68.90 7.21 59.80 
Si 76.80 2.41 88.85 Si 71.04 2.41 59.00 
Si 77.46 10.89 91.66 Si 70.38 10.89 56.18 
Si 77.63 0.56 91.15 Si 70.22 0.56 56.70 
Si 80.51 0.35 90.37 Si 67.33 0.35 57.48 
Si 81.75 10.89 90.44 Si 66.10 10.89 57.41 
Si 79.52 8.89 90.51 Si 68.32 8.89 57.34 
Si 80.38 1.86 87.74 Si 67.46 1.86 60.10 
Si 79.19 4.33 89.13 Si 68.65 4.33 58.72 
H 63.66 11.37 95.73 H 84.19 11.37 52.12 




H 69.30 11.72 97.50 H 78.54 11.72 50.34 
H 73.21 12.04 87.55 H 74.63 12.04 60.30 
H 67.15 0.44 86.35 H 80.70 0.44 61.50 
H 68.96 4.95 85.93 H 78.88 4.95 61.92 
H 75.94 8.68 97.94 H 71.91 8.68 49.91 
H 70.92 5.68 98.01 H 76.92 5.68 49.83 
H 72.65 5.54 86.75 H 75.19 5.54 61.10 
H 74.27 6.24 88.07 H 73.58 6.24 59.78 
H 79.53 0.71 97.54 H 68.31 0.71 50.30 
H 83.37 1.01 96.29 H 64.47 1.01 51.56 
H 81.71 8.34 96.65 H 66.13 8.34 51.19 
H 79.24 1.15 85.67 H 68.61 1.15 62.18 
H 80.12 8.02 86.08 H 67.73 8.02 61.77 
H 75.63 1.73 86.80 H 72.22 1.73 61.04 
O 63.85 2.63 91.10 O 84.00 2.63 56.74 
O 55.07 1.06 79.96 O 92.78 1.06 67.89 
O 54.75 9.22 78.00 O 93.09 9.22 69.84 
O 54.91 3.31 78.86 O 92.94 3.31 68.99 
O 53.98 12.07 80.38 O 93.86 12.07 67.47 
O 54.22 12.97 77.96 O 93.62 12.97 69.88 
O 52.99 11.96 75.87 O 94.86 11.96 71.97 
O 53.88 0.96 75.79 O 93.96 0.96 72.06 
O 53.93 3.42 76.46 O 93.92 3.42 71.39 
O 53.25 5.17 78.49 O 94.59 5.17 69.36 
O 52.63 9.68 76.71 O 95.21 9.68 71.14 
O 50.74 10.97 75.74 O 97.11 10.97 72.10 
O 52.84 7.71 78.45 O 95.01 7.71 69.39 
O 52.99 9.96 79.51 O 94.86 9.96 68.34 
O 51.23 6.16 79.59 O 96.62 6.16 68.26 
O 53.44 6.60 80.73 O 94.40 6.60 67.12 
O 51.90 11.19 81.39 O 95.95 11.19 66.46 
O 55.45 5.24 77.30 O 92.39 5.24 70.54 
O 55.48 12.31 75.84 O 92.37 12.31 72.01 
O 56.24 9.95 76.14 O 91.60 9.95 71.71 
O 57.99 11.72 75.70 O 89.85 11.72 72.14 
O 56.59 7.66 77.25 O 91.25 7.66 70.59 
O 57.17 2.38 79.48 O 90.67 2.38 68.36 
O 57.07 10.03 78.45 O 90.78 10.03 69.39 
O 58.04 5.47 77.15 O 89.80 5.47 70.70 
O 56.72 6.13 79.18 O 91.12 6.13 68.66 




O 55.90 2.25 75.42 O 91.94 2.26 72.42 
O 58.73 11.83 79.42 O 89.11 11.83 68.42 
O 59.37 0.94 79.28 O 88.47 0.94 68.56 
O 59.04 3.18 77.91 O 88.80 3.18 69.94 
O 61.17 12.49 79.54 O 86.67 12.49 68.30 
O 59.77 12.71 77.39 O 88.08 12.71 70.45 
O 60.04 13.08 74.87 O 87.80 13.08 72.98 
O 58.08 0.78 76.12 O 89.76 0.78 71.73 
O 58.19 3.38 75.82 O 89.66 3.38 72.02 
O 60.36 4.67 76.22 O 87.48 4.67 71.63 
O 56.23 12.25 79.33 O 91.61 12.25 68.52 
O 56.61 4.05 83.77 O 91.24 4.05 64.08 
O 55.66 3.25 81.35 O 92.18 3.25 66.49 
O 54.64 5.29 82.57 O 93.21 5.29 65.27 
O 56.77 8.10 86.08 O 91.08 8.10 61.77 
O 57.50 5.73 85.56 O 90.34 5.73 62.29 
O 57.87 3.26 86.11 O 89.97 3.26 61.73 
O 56.17 8.99 82.62 O 91.67 8.99 65.23 
O 55.19 9.66 84.71 O 92.65 9.66 63.14 
O 56.88 10.38 86.98 O 90.97 10.38 60.87 
O 54.75 9.09 87.09 O 93.09 9.09 60.75 
O 52.29 6.06 82.91 O 95.56 6.06 64.94 
O 54.09 7.81 83.04 O 93.75 7.81 64.81 
O 54.03 10.12 82.12 O 93.81 10.12 65.73 
O 58.91 7.75 84.80 O 88.94 7.75 63.04 
O 58.69 9.10 82.63 O 89.15 9.10 65.21 
O 59.72 10.10 84.68 O 88.13 10.10 63.16 
O 61.02 8.34 83.43 O 86.83 8.34 64.42 
O 58.95 5.88 80.20 O 88.90 5.88 67.64 
O 57.45 7.86 80.88 O 90.39 7.86 66.97 
O 57.26 10.44 80.88 O 90.58 10.44 66.96 
O 59.07 4.43 84.23 O 88.78 4.43 63.61 
O 60.26 4.88 81.91 O 87.58 4.88 65.93 
O 59.50 3.38 80.10 O 88.34 3.38 67.74 
O 61.43 5.21 79.73 O 86.41 5.21 68.12 
O 62.37 6.98 81.68 O 85.47 6.98 66.16 
O 61.30 5.91 83.74 O 86.54 5.91 64.10 
O 61.25 3.31 83.43 O 86.60 3.31 64.41 
O 56.89 5.42 81.64 O 90.96 5.42 66.21 
O 61.82 3.44 89.49 O 86.02 3.44 58.36 




O 59.62 1.44 86.08 O 88.23 1.44 61.76 
O 60.61 5.63 88.57 O 87.23 5.63 59.27 
O 59.36 10.84 87.04 O 88.49 10.84 60.81 
O 59.92 3.38 87.70 O 87.92 3.38 60.14 
O 59.88 7.99 89.48 O 87.96 7.99 58.36 
O 58.88 7.09 87.27 O 88.96 7.09 60.57 
O 63.10 10.40 92.62 O 84.75 10.40 55.22 
O 62.90 11.07 90.33 O 84.95 11.07 57.52 
O 58.30 1.52 88.21 O 89.54 1.52 59.64 
O 57.93 12.35 88.39 O 89.92 12.35 59.46 
O 58.58 10.10 89.22 O 89.26 10.10 58.62 
O 57.10 0.53 90.17 O 90.74 0.53 57.67 
O 59.59 0.09 90.06 O 88.26 0.09 57.79 
O 59.68 0.62 92.52 O 88.17 0.62 55.32 
O 61.31 12.25 91.73 O 86.54 12.25 56.11 
O 60.79 9.94 90.96 O 87.05 9.94 56.88 
O 58.58 8.87 91.40 O 89.26 8.87 56.44 
O 65.09 10.96 89.08 O 82.75 10.96 58.76 
O 60.58 12.40 85.47 O 87.26 12.40 62.37 
O 62.20 4.30 87.11 O 85.65 4.30 60.73 
O 61.59 10.03 86.27 O 86.25 10.03 61.57 
O 61.78 1.22 84.65 O 86.06 1.22 63.19 
O 61.66 0.55 87.08 O 86.19 0.55 60.77 
O 64.09 0.81 86.85 O 83.75 0.81 61.00 
O 63.14 12.20 88.18 O 84.71 12.20 59.66 
O 62.98 9.62 88.28 O 84.87 9.62 59.57 
O 63.52 8.23 86.28 O 84.33 8.23 61.56 
O 64.53 3.31 86.48 O 83.32 3.31 61.36 
O 66.01 1.47 85.19 O 81.84 1.47 62.65 
O 64.00 5.75 85.84 O 83.84 5.75 62.00 
O 63.03 3.51 84.81 O 84.82 3.51 63.03 
O 65.69 7.57 85.17 O 82.15 7.57 62.68 
O 63.40 7.35 84.00 O 84.45 7.35 63.84 
O 63.33 2.01 82.69 O 84.52 2.01 65.16 
O 63.03 1.27 89.12 O 84.82 1.27 58.73 
O 61.30 7.81 87.45 O 86.54 7.81 60.39 
Si 52.73 6.40 79.33 Si 95.11 6.40 68.52 
Si 53.28 10.74 80.85 Si 94.56 10.74 66.99 
Si 55.69 2.51 79.96 Si 92.16 2.51 67.89 
Si 54.84 12.97 79.41 Si 93.00 12.97 68.44 




Si 54.34 2.39 75.32 Si 93.50 2.39 72.53 
Si 54.32 4.26 77.76 Si 93.53 4.26 70.09 
Si 52.23 10.65 75.50 Si 95.61 10.65 72.35 
Si 53.22 9.20 78.13 Si 94.62 9.20 69.72 
Si 59.00 4.27 76.80 Si 88.85 4.27 71.04 
Si 56.55 11.26 75.38 Si 91.29 11.26 72.47 
Si 56.18 9.17 77.46 Si 91.66 9.17 70.38 
Si 56.70 6.13 77.63 Si 91.14 6.13 70.22 
Si 57.34 11.17 79.52 Si 90.50 11.17 68.32 
Si 58.72 2.36 79.19 Si 89.13 2.36 68.65 
Si 59.80 12.85 78.94 Si 88.04 12.85 68.90 
Si 59.00 12.85 76.05 Si 88.85 12.85 71.80 
Si 57.45 2.06 75.40 Si 90.39 2.06 72.45 
Si 54.77 9.22 83.20 Si 93.07 9.22 64.65 
Si 55.93 4.42 82.37 Si 91.91 4.42 65.47 
Si 58.01 7.16 85.96 Si 89.83 7.16 61.88 
Si 57.67 4.30 84.92 Si 90.18 4.30 62.92 
Si 55.93 9.41 86.13 Si 91.92 9.41 61.72 
Si 53.64 6.48 82.30 Si 94.20 6.48 65.55 
Si 60.39 4.63 83.43 Si 87.45 4.63 64.41 
Si 59.61 8.80 83.87 Si 88.24 8.80 63.98 
Si 57.48 6.33 80.51 Si 90.37 6.33 67.33 
Si 57.41 9.17 81.75 Si 90.44 9.17 66.10 
Si 60.10 4.82 80.38 Si 87.74 4.82 67.46 
Si 62.06 7.21 83.23 Si 85.79 7.21 64.62 
Si 62.57 2.26 90.24 Si 85.27 2.26 57.61 
Si 61.15 4.17 88.26 Si 86.70 4.17 59.58 
Si 60.14 7.09 88.22 Si 87.70 7.09 59.63 
Si 58.86 2.43 87.04 Si 88.98 2.42 60.80 
Si 58.10 10.86 87.91 Si 89.75 10.86 59.93 
Si 58.27 0.29 89.20 Si 89.57 0.29 58.65 
Si 60.55 0.21 91.31 Si 87.30 0.21 56.53 
Si 61.98 10.84 91.53 Si 85.87 10.84 56.31 
Si 59.51 9.32 90.24 Si 88.33 9.32 57.60 
Si 64.20 7.21 85.33 Si 83.64 7.21 62.52 
Si 62.44 2.41 83.88 Si 85.41 2.41 63.96 
Si 60.33 10.89 85.86 Si 87.51 10.89 61.99 
Si 60.86 0.56 85.74 Si 86.99 0.56 62.10 
Si 62.98 0.35 87.85 Si 84.87 0.35 59.99 
Si 63.53 10.89 88.96 Si 84.31 10.89 58.89 




Si 65.19 1.86 86.43 Si 82.66 1.86 61.42 
Si 63.39 4.33 86.09 Si 84.46 4.33 61.75 
H 49.90 11.37 75.94 H 97.94 11.37 71.91 
H 50.30 5.97 79.53 H 97.54 5.97 68.32 
H 51.19 11.72 81.71 H 96.65 11.72 66.13 
H 61.77 12.04 80.12 H 86.08 12.04 67.73 
H 59.78 0.44 74.27 H 88.07 0.44 73.58 
H 61.04 4.95 75.63 H 86.80 4.95 72.22 
H 54.13 8.68 87.68 H 93.71 8.68 60.17 
H 51.56 5.68 83.37 H 96.29 5.68 64.48 
H 62.18 5.54 79.24 H 85.66 5.54 68.61 
H 61.84 6.24 81.29 H 86.00 6.24 66.55 
H 56.27 0.71 90.59 H 91.57 0.71 57.26 
H 59.28 1.01 93.28 H 88.57 1.01 54.56 
H 58.13 8.34 92.03 H 89.71 8.34 55.81 
H 66.41 1.15 84.40 H 81.43 1.15 63.45 
H 66.50 8.02 85.37 H 81.35 8.02 62.48 
H 63.62 1.73 81.84 H 84.22 1.73 66.00 
 
